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Summary

Summary

The impressive scientific advances of the last decades has allowed the
development of highly advanced analytical methodologies and
instrumentation, as well as their application to very diverse fields, which has
greatly increased knowledge about biological systems and their functions.
Furthermore, the development of bioinformatics tools allowed the handling
of complex data matrices that a few decades ago it would have been
unimaginable. Since the end of the nineties, metabolomics, the last of the -
omics sciences in charge of the study of metabolites from a biological system
and their changes promoted by endogenous or exogenous conditions, has
emerged with force. Specifically, the objective of untargeted metabolomics is
to qualitatively or semi-quantitatively analyse the maximum number of
compounds as possible and select, using computer and statistical tools, those
that truly provides information to the problem under study. The focus in this
type of the study is not based on restricted starting hypotheses, but rather
these are generated after addressing the problem globally and based on the
answers obtained The sensitivity and the ability to cover a large number of
metabolites in complex matrices make advanced analytical techniques based
on chromatography coupled to mass spectrometry the preferred ones for

untargeted metabolomics studies.

This approach has been applied in many research areas related to food,
health and the study of biological systems of a very different nature, among
others; diffusing the boundaries between different fields of study and creating

multidisciplinary areas.

In this doctoral thesis, the contribution of untargeted metabolomics
together with advanced analytical techniques based on the coupling of
chromatographic separations with both low resolution mass spectrometry
(MS) and high resolution mass spectrometry (HRMS) was evaluated in
different studies related to the field of food, health and intra-especies
chemical communication. In addition, the advantages in the elucidation of
unknown compounds provided by the latest generation instruments based on
ion mobility separation in combination with high resolution mass

spectrometry (IMS-HRMS) were explored.




Summary

The studies carried out during the doctoral period have resulted in the
publication of 6 scientific articles in peer-reviewed journals, which form the
basis of this thesis, made up of 6 differentiated chapters. After the first
chapter dedicated to the introduction, two main blocks can be differentiated.
The first block was divided into chapters 2, 3 and 4 related to the application
of metabolomics in the field of food and its relationship with health. The
second block comprises chapter 5 where the potential of untargeted
metabolomic approaches in the investigation of intra-species chemical
communication was investigated. Finally, in chapter 6 the main conclusions
from this PhD work are summarised and the derived further research studies

are presented.

The objective of the first chapter is to be presented as an Introduction
to offer a broad vision of the topic of this doctoral thesis. It is mainly formed
by Scientific Article I, where a detailed description of the untargeted
metabolomic workflow and the widely employed strategies based on
chromatography coupled to mass spectrometry for the identification of (bio)
markers in the food field are provided. In addition, a bibliographic review is
made on the trends of the last 5 years in each phase of the metabolomic
process. Although this review article is focused on the food field, what is
described is applicable to different areas, including those addressed in this

thesis.

The second chapter is made up of Scientific Article II. The objective
of this study was to find volatile markers that confirm the difference between
smoked fish products with different processing techniques and that
successfully concluded in a classification model based on 11 marker
compounds from the different confronted fish treatment processes. The
volatiles were extracted from the fish by dynamic extraction using purge-and-
trap (DHS-P&T) and analysed by GC-MS. This article exemplifies the
applicability of untargeted metabolomics on food processing, which includes

quality control, food safety and authentication, among others.

In the third chapter, an untargeted metabolomic approach is employed
for the identification of food intake biomarkers, exemplified by the discovery
of short-term (Scientific Article III) and medium-term biomarkers of
orange intake. Furthermore, the advantages that the new IMS-HRMS

II
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combination could bring to the discovery of new dietary biomarkers were
studied, ending in the tentative identification of 6 short-term biomarkers of

orange intake.

Chapter 4 is the last one focused on the food field, specifically in the
effects that food has on health. In Scientific Article IV, the effect of
bioactive compounds such as resveratrol and pterostilbene on hepatic
steatosis was studied. For this, an animal model of rats with induced hepatic
steatosis by a diet high in fat and fructose was employed. In addition, the
different tools emerged after the implementation of IMS-HRMS that facilitate

the identification of biomarkers were evaluated, such as CCS prediction tools.

In the second block, chapter 5 is focused on the application of
untargeted metabolomics to fields that have not been approached until now
with an interdisciplinary vision, such as the discovery of chemical compounds
used in communication between individuals of the same species. Specifically,
the objective of this chapter was the determination of compounds emitted by
mouse pups that induce an activation of the maternal instinct. The main
novelty that had to be carried out was in the sampling stage, since not only
involved the work with alive animals, but the sampling conditions should not
interfere with the development of the pups or induce excessive stress that
could affect the study. On the one hand, Scientific Article V was focused
on compounds with a more volatile nature, adapting the DHS-P&T extraction
to capture the volatolome from alive animals, which was subsequently
analysed by GC-MS. The identity of 11 volatile compounds from mouse pups
putatively involved in the induction of maternal care in adult females was
discovered. On the other hand, Scientific Article VI was focused on those
low-volatility compounds. Samples were taken by gently rubbing swabs on
the facial and anogenital areas of the mouse pups. The extracts were analysed
by LC-IMS-HRMS and 5 compounds from neonatal mice with a possible role

in materno-filial communication were tentatively identified.
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Resumen

Resumen

El espectacular progreso cientifico de las ultimas décadas ha permitido
el desarrollo de metodologias e instrumentacion analitica altamente
avanzadas, asi como su aplicacibn a muy diversos campos que ha
incrementado enormemente el conocimiento sobre los sistemas biologicos y
sus funciones. Ademas, el desarrollo de las herramientas bioinformaéticas ha
permitido abarcar matrices de datos tan complejas que hace unas décadas
hubiera sido inimaginable. Desde finales de los noventa, la metabolémica, la
ultima de las ciencias -0micas encargada del estudio del conjunto de
metabolitos de un sistema bioldgico y los cambios promovidos por
condiciones endbégenas o exogenas, ha emergido con fuerza. Concretamente,
la metabolémica no dirigida tiene como objetivo analizar de manera
cualitativa o semicuantitativa el maximo nimero de compuestos posible y
seleccionar mediante herramientas informaticas y estadisticas aquellos que
verdaderamente aporten informacion a la problematica bajo estudio. El
enfoque de este tipo de estudios no se basa en hipoétesis de partida
restringidas, sino que estas se generan después de abordar el problema de
manera global y en base a las respuestas obtenidas. La sensibilidad y la
capacidad de abarcar un gran nimero de metabolitos en matrices complejas
hacen de las técnicas analiticas avanzadas basadas en cromatografia acoplada
a espectrometria de masas las preferidas en los estudios de metabolémica no
dirigida.

Esta aproximacion se ha aplicado en multitud de areas de investigacion
relacionadas con la alimentacion, la salud y el estudio de sistemas biologicos
de naturaleza muy distinta, entre otras, llegando a hacer difusa la frontera

entre distintos campos de estudio y creandose areas multidisciplinares.

En esta tesis doctoral se han evaluado la aportacion de la metabolémica
no dirigida en combinacién con técnicas analiticas avanzadas basadas en el
acoplamiento de cromatografia con espectrometria de masas tanto de baja
(MS) como de alta resolucién (HRMS) en distintos estudios relacionados con
el campo de la alimentacion, la salud y la comunicaciéon quimica intraespecie.
Ademas, se han evaluado las ventajas que aportan los instrumentos de altima

generacion basados en separacion por movilidad iénica en combinacién con




Resumen

espectrometria de masas de alta resolucion (IMS-HRMS) en la elucidaciéon de

compuestos desconocidos.

Los estudios realizados durante el periodo doctoral han resultado en la
publicaciéon de 6 articulos cientificos en revistas revisadas por pares, que
conforman la base de esta tesis dividida en 6 capitulos diferenciados. Después
del primer capitulo dedicado a la introduccién, se pueden diferenciar dos
bloques. El primero estaria formado por los capitulos 2, 3 y 4 relacionados
con la aplicacion de la metabolomica no dirigida en el campo de la
alimentacion y su relaciéon con la salud. El segundo bloque comprende el
capitulo 5 donde se investigd el potencial de las aproximaciones
metabolémicas no dirigidas en la investigacion de la comunicacién quimica
intraespecie. Finalmente, en el capitulo 6 se recogen las conclusiones
principales de los trabajos realizados en esta tesis doctoral y los futuros

trabajos de investigacion derivados.

El objetivo del primer capitulo es presentar como Introduccion una
vision amplia de la tematica objetivo de esta Tesis Doctoral. Lo conforma
principalmente el Articulo cientifico I, donde se realiza una descripciéon
detallada del flujo de trabajo de la metabolémica no dirigida y de las
estrategias ampliamente empleadas basadas en la cromatografia acoplada a
espectrometria de masas para la identificacion de (bio)marcadores en el
ambito de la alimentacién. Ademas, se hace una revision bibliografica sobre
las tendencias de los Gltimos 5 afios en cada fase del proceso metabolémico.
A pesar de que este articulo de revision esta focalizado en el campo de la
alimentacion, lo descrito es aplicable a distintos ambitos, incluyendo los

abordados en esta tesis.

El segundo capitulo se compone del Articulo cientifico II. El
objetivo de este estudio fue encontrar marcadores volatiles que confirmaran
la diferencia entre productos pesqueros ahumados con diferentes técnicas de
procesado y que culminé satisfactoriamente en un modelo de clasificacion
basado en 11 compuestos marcadores de los distintos procesos de
tratamiento de pescado estudiados. Los compuestos volatiles fueron
extraidos del pescado mediante extraccién dinamica por purga y trampa
(DHS-P&T) y analizados por GC-MS. Con este articulo se ejemplifica la

aplicabilidad de la metabolomica no dirigida en el procesamiento

VI
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alimentario, que incluye control de calidad, seguridad y autentificacion de

alimentos, entre otros.

En el tercer capitulo se emplea la metabolomica no dirigida para la
identificacion de marcadores de ingesta de alimentos, ejemplificado con el
descubrimiento de marcadores de ingesta de naranja a corto (Articulo
cientifico III) y medio plazo. Ademas, se estudiaron las ventajas que la
nueva combinacion IMS-HRMS podia aportar para el descubrimiento de
nuevos biomarcadores dietéticos, culminando en la identificacién tentativa

de 6 marcadores de ingesta de naranjas.

El capitulo 4 es el ultimo focalizado en el ambito de la alimentacion,
concretamente en el efecto que tiene la alimentacién en la salud. En el
Articulo cientifico IV se estudio el efecto de compuestos bioactivos como
el resveratrol y el pterostilbeno en la esteatosis hepatica. Para ello, se emple6
un modelo animal de ratas con esteatosis hepatica inducida por una dieta alta
en grasas y en fructosa. Ademaés, se han evaluado distintas herramientas que
estan surgiendo para facilitar la identificacion de biomarcadores gracias a la
implementacion de instrumentos IMS-HRMS, como las herramientas de

prediccion de CCS.

En el segundo bloque, el capitulo 5 se focaliz6 en la aplicacion de la
metabolémica no dirigida a campos poco abordados hasta ahora con una
vision interdisciplinar, como es el descubrimiento de compuestos quimicos
empleados en la comunicaciéon entre individuos de la misma especie.
Concretamente, el objetivo de este capitulo era la determinaciéon de
compuestos emitidos por crias de ratén que indujeran a una activaciéon del
instinto maternal. La principal novedad que se tuvo que realizar se centr6 en
la etapa de muestreo, dado que no solo se tenia que trabajar con animales
vivos, sino que las condiciones del muestreo no debian interferir en el
desarrollo de las crias ni inducir un estrés excesivo que pudiera afectar al
estudio. Por una parte, el Articulo cientifico V se centra en compuestos de
naturaleza mas volatil, adaptando la extraccion DHS-P&T para captar el
volatoloma de los animales vivos, que posteriormente se analizé por GC-MS.
Se determin¢ la identidad de 11 compuestos volatiles provenientes de crias
de ratén putativamente implicados en la inducciéon del cuidado materno en

hembras adultas. Por otra parte, el Articulo cientifico VI se focaliz6 en

VII
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aquellos compuestos de caracter menos volatil. Las muestras se tomaron
frotando suavemente hisopos sobre zonas facial y anogenital de las crias de
raton. Los extractos se analizaron por LC-IMS-HRMS y se identificaron
tentativamente 5 compuestos procedentes de ratones neonatales con una

posible implicacién en la comunicacién maternofilial.
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Résumé

Les progres scientifiques spectaculaires des dernieres décennies ont
permis le développement de méthodologies et d'instruments analytiques tres
avancés, ainsi que leur application dans des domaines treés divers qui ont
considérablement augmenté les connaissances sur les systémes biologiques
et leurs fonctions. De plus, le développement des outils bioinformatiques a
permis de couvrir des matrices de données si complexes qu'il y a quelques
décennies cela aurait été inimaginable. Depuis la fin des années 90, la
métabolomique, la derniére des sciences -omiques chargées de 1'étude de
I'ensemble des métabolites d'un systéeme biologique et des changements
favorisés par les conditions endogenes ou exogenes a émergé avec force.
Concretement, 1'objectif de la métabolomique non ciblée est d'analyser
qualitativement ou semi-quantitativement le maximum de composés
possibles et de sélectionner, a l'aide d'outils informatiques et statistiques,
ceux qui apportent véritablement des informations sur la problématique
étudiée. L'objectif de ce type étude n'est pas basé sur des hypothéses de départ
restreintes, mais plut6t celles-ci sont générées apres avoir abordé le probléeme
globalement et sur la base des réponses obtenues. La sensibilité et la capacité
de couvrir un grand nombre de métabolites dans des matrices complexes font
des techniques analytiques avancées basées sur la chromatographie couplée
a la spectrométrie de masse les préférées dans les études de métabolomique

non ciblée.

Cette approche a été appliquée dans de nombreux domaines de
recherche liés a l'alimentation, a la santé et a I'étude de systémes biologiques
de nature tres différente, entre autres ; arrivent a diffuser la frontiére entre

les différents domaines d'études et créer des secteurs multidisciplinaires.

Dans cette theése doctorale, la contribution de la métabolomique non
ciblée a été évaluée en combinaison avec des techniques analytiques avancées
basées sur le couplage de séparations chromatographiques avec la
spectrométrie de masse a la fois basse (MS) et haute résolution (HRMS) dans
différentes études liées au domaine de l'alimentation, la santé et la
communication chimique intraspécifique. De plus, les avantages des

instruments de derniere génération basés sur la séparation par mobilité
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ionique en combinaison avec la spectrométrie de masse a haute résolution

(IMS-HRMS) dans 1'élucidation de composés inconnus ont été évalués.

Les études menées au cours de la période doctorale ont conduit a la
publication de 6 articles scientifiques dans des journal révisé par des pairs,
qui constituent la base de cette these divisée en 6 chapitres différenciés. Apres
le premier chapitre consacré a l'introduction, deux blocs peuvent étre
différenciés. Le premier serait composé des chapitres 2, 3 et 4 relatifs a
I'application de la métabolomique non ciblée dans le domaine de
I'alimentation et de ses relations avec la santé. Le deuxieme bloc comprend le
chapitre 5 ou a été étudié le potentiel des approches métabolomiques non
ciblée dans l'étude de la communication chimique intraspécifique.
Finalement, dans le chapitre 6 sont rassemblées les principales conclusions
des travaux menés dans cette Thése Doctorale et les futurs travaux de

recherche qui en découlent.

L'objectif du premier chapitre est de présenter en Introduction une
vision large de I'objet de cette Thése Doctorale. Il est principalement composé
de 1'Article scientifique I, ou est faite une description détaillée du flux de
travail de la métabolomique non ciblée et des stratégies largement utilisées
basées sur la chromatographie couplée a la spectrométrie de masse pour
I'identification de (bio)marqueurs dans le domaine de 1'alimentation. De plus,
une revue bibliographique est indiquée sur les tendances des 5 dernieres
années dans chaque phase du processus métabolomique. Malgré le fait que
cet article de synthése se concentre sur le domaine de I'alimentation, ce qui
est décrit s'applique a différents domaines, y compris ceux abordés dans cette
these.

Le deuxiéme chapitre est constitué de I'Article scientifique II.
L'objectif de cette étude était de trouver des marqueurs volatils qui
confirment la différence entre les produits de la péche fumés avec différentes
techniques de traitement et qui ont abouti avec succes a un modele de
classification basé sur 11 composés marqueurs des différents procédés de
traitement du poisson étudiés. Les composés volatils ont été extraits des

poissons par extraction dynamique de I’espace de téte avec piégeage par
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sorbant (DHS-P&T) et analysés par GC-MS. Cet article illustre 1'applicabilité
de la métabolomique non ciblée dans le traitement alimentaire, qui comprend
le contréle de la qualité, la sécurité alimentaire et 'authentification, entre

autres.

Dans le troisieme chapitre, la métabolomique non ciblée est utilisée
pour l'identification de marqueurs de consommation alimentaire, illustrée
par la découverte de marqueurs de consommation d’orange a court (Article
scientifique III) et 4 moyen terme. De plus, les avantages que la nouvelle
combinaison IMS-HRMS pourrait apporter a la découverte de nouveaux
biomarqueurs alimentaires ont été étudiés, aboutissant a 1'identification

provisoire de 6 marqueurs de la consommation d'orange.

Le chapitre 4 est le dernier consacré au domaine de 1'alimentation, en
particulier 'effet de 1'alimentation sur la santé. Dans I'Article scientifique
IV, l'effet de composés bioactifs tels que le resvératrol et le ptérostilbéne sur
la stéatose hépatique a été étudié. Pour cela, un modele animal de rats atteints
de stéatose hépatique induite par un régime riche en graisses et en fructose a
été utilisé. De plus, les différents outils qui émergent pour faciliter
l'identification de biomarqueurs grace a la mise en place d'instruments IMS-

HRMS ont été évalués, comme les outils de prédiction CCS.

Dans le deuxiéme bloc, le chapitre 5 concerne l'application de la
métabolomique non ciblée a des domaines peu abordés jusqu'a présent avec
une vision interdisciplinaire, comme la découverte de composés chimiques
utilisés dans la communication entre individus d'une méme espece. Plus
précisément, 1'objectif de ce chapitre était la détermination des composés
émis par les souriceaux qui induisent une activation de l'instinct maternel. La
principale nouveauté qui devait étre réalisée portait sur la phase
d'échantillonnage, car non seulement il fallait travailler avec des animaux
vivants, mais les conditions d'échantillonnage ne devaient pas interférer avec
le développement des souriceaux ou induire un stress excessif pouvant
affecter I'étude. D'une part, I'Article scientifique V se concentre sur les
composés de nature plus volatile, adaptant l'extraction DHS-P&T pour
capturer du volatolome d'animaux vivants, qui a ensuite été analysé par GC-
MS. L'identité de 11 composés volatils provenant de souriceaux

potentiellement impliqués dans l'induction des soins maternels chez les
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femelles adultes a été déterminée. D'autre part, I'Article scientifique VI se
concentrait sur les composés de nature moins volatile. Des échantillons ont
été prélevés en frottant doucement des écouvillons sur les zones faciales et
anogénitales des souriceaux. Les extraits ont été analysés par LC-IMS-HRMS
et 5 composés ont été provisoirement identifiés a partir de souris néonatales

avec une possible implication dans la communication mere-enfant.
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Objectives

The main objective of this doctoral thesis is the exploration and
implementation of untargeted metabolomic strategies in the fields of food
and health, together with advanced analytical techniques based on the
coupling of chromatographic separations, both liquid (LC) and gas (GC)
chromatography, with low and high resolution mass spectrometry (MS).
Therewith, it is intended to make progress on the knowledge that this
approach contributes to these highly relevant research fields.

Based on this general objective, some specific objectives have been

established for each of the works included in the present thesis:

¢ Application of untargeted metabolomics to three different areas
of food: food authentication, food intake and food effects on
health.

¢ Obtaining a classification model for smoked fish products by
means of the volatile profile obtained by dynamic extraction
using purge-and-trap (DHS-P&T) and analysed by GC-MS.

¢ Determination of biomarkers of orange intake in blood plasma
analysed by LC coupled to ion mobility separation (IMS) in

combination with high resolution mass spectrometry (HRMS).

¢ Determination of metabolic changes in rat liver, with induced
non-alcoholic fatty liver disease (NAFLD), by the simultaneous
intake of compounds with reported antioxidation -effect

(resveratrol and pterostilbene).

¢ Determination of biomarkers related to the chemical signalling
and behaviour associated with the maternal response in mice,

emitted by their pups in the first days of age.

¢ Study the potential of IMS in untargeted metabolomics and in

the biomarkers identification.

It is noteworthy that this work has been carried out thanks to close
collaborations with research groups or companies from different fields. These

collaborations and/or interactions have been essential for the development
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of the thesis and have made clear the importance of multidisciplinary
collaboration in scientific research, and the wealth of knowledge it
contributes. Chapter 2 has been carried out thanks to the collaboration with
the company Sea Delight Europe, S.L, with special mention to M2 Carmen
Corell and Fernando Dominguez. Chapter 3 was developed thanks to the
collaboration of the Department of Preventive Medicine and Public Health,
Food Sciences, Toxicology and Legal Medicine of the University of Valencia,
led by Prof. Dr. Dolores Corella. Chapter 4 arose from the collaboration with
Prof. Dr. Maria Puy Portillo and Dr. Alfredo Fernandez from the. Last but not
least, the studies compiled in the fifth chapter were completed thanks to the
close collaboration with the Laboratory of Functional Neuroanatomy from
the Predepartmental Unit of Medicine from Universitat Jaume I, led by Prof
Dr. Fernando Martinez Garcia. In addition, during the period of doctoral
studies, an international stay was carried out at the Service de Pharmacologie
et d'I'mmunoanalyse, CEA Paris-Saclay (France), a renowned centre in the
field of metabolism and metabolomics, where advanced analytical
methodologies have been developed in HRMS directed to metabolomics

studies.
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Objetivos

El objetivo principal de la presente tesis doctoral es la exploracion

e implementacion de las estrategias de la metabolomica no dirigida en el

campo de la alimentacién y la salud mediante el uso de en conjunto con

técnicas analiticas avanzadas basadas en el acoplamiento de separaciones

cromatogréficas, tanto cromatografia liquida (L.C) como de gases (GC), con la

espectrometria de masas (MS) tanto de alta como de baja resolucién. Con

ello, se pretende avanzar en el conocimiento que aporta esta aproximacion a

estos campos de investigacion de gran relevancia.

Basandose en este objetivo general, se han establecido una serie de

objetivos especificos para cada uno de los trabajos incluidos en la presente

tesis:

Aplicaciéon de la metabolémica no dirigida a tres ambitos
distintos relacionados con la alimentacidén: autentificaciéon de

alimentos, ingesta y efectos de la alimentacién en la salud.

Obtencion de un modelo de clasificacion de productos pesqueros
ahumados mediante el perfil de volatiles obtenidos a través de
extraccion dindmica por purgay trampa (DHS-P&T) y analizados
por GC-MS.

Determinacién de biomarcadores de ingesta de naranja en
plasma sanguineo por medio de analisis por LC acoplada a
separacién por movilidad ionica (IMS) en combinacién con

espectrometria de masa de alta resolucion (HRMS).

Determinacién de los cambios a nivel metabélico en higados de
ratas, con enfermedad del higado graso no alcoholico (NAFLD)
inducida, por la ingesta simultanea de compuestos con efecto

antioxidante reportado (resveratrol y pterostilbeno).

Determinaciéon de biomarcadores relacionados con la
sefializacion quimica y conducta asociada con la respuesta
maternal de ratones emitidos por las crias en los primeros dias
de edad.
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o Estudiar el potencial de la IMS en la metabolémica no dirigida y

en la identificacidén de biomarcadores.

Cabe destacar, que este trabajo se ha llevado a cabo gracias a
estrechas colaboraciones con grupos de investigacion o empresas de distintos
ambitos. Dichas colaboraciones y/o interacciones han resultado esenciales
para el desarrollo de la tesis y han dejado patente la importancia de la
colaboracion multidisciplinar en la investigacion cientifica, y la riqueza de
conocimiento que aporta. El capitulo 2 se ha podido llevar a cabo gracias a la
colaboracion con la empresa Sea Delight Europe, S.L, con mencion especial a
M2 Carmen Corell y a Fernando Dominguez. El capitulo 3 se desarrolld
gracias a la colaboracién el Departamento de Medicina Preventiva y Salud
Piblica, Ciencias de la Alimentacién, Toxicologia y Medicina Legal de la
Universidad de Valencia dirigido por la catedratica Dolores Corella. El
capitulo 4 surgi6 de la colaboracién con la catedratica Maria Puy Portillo y el
Dr. Alfredo Fernandez del Departamento de Nutricion y Ciencia de los
Alimentos de la universidad del Pais Vasco. Por ultimo y no menos
importante, los estudios recopilados en el quinto capitulo se llevaron a
término gracias a la estrecha colaboracion con el Laboratorio de
Neuroanatomia Funcional dirigido por el catedratico de la Unidad
Predepartamental de Medicina de la Universidad Jaume I Fernando Martinez
Garcia. Ademas, durante el periodo de estudios de doctorado se realizé una
estancia internacional en el Service de Pharmacologie et d’ Immunoanalyse,
CEA Paris-Saclay (Francia), centro de renombre en el ambito de
metabolismo y metabolomica, donde se desarrollaron metodologias

analiticas avanzadas en HRMS dirigidas a estudios de metabolémica.
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Objectifs

L'objectif principal de cette theése doctorale est I'exploration et
I'implémentation des stratégies de métabolomique non ciblée dans le
domaine de l'alimentation et de la santé, grace a l'utilisation combinée de
techniques analytiques avancées basées sur le couplage de séparations
chromatographiques, a la fois la chromatographie liquide (LC) et gazeuse
(GC), avec la spectrométrie de masse (MS) haute et basse résolution. Avec
cela, visant a faire progresser la connaissance que cette approche apporte a

ces domaines de recherche de grande pertinence.

Sur la base de cet objectif général, une série d'objectifs spécifiques

ont été établis pour chacun des travaux inclus dans cette these :

¢ Application de la métabolomique non ciblée a trois domaines
différents de l'alimentation : authentification des aliments,

consommation et effets des aliments sur la santé.

¢ Obtention d'un modéele de classification des produits de la péche
fumé par le biais du profil de composants volatils obtenu par
extraction dynamique de l'espace de téte avec piégeage par
sorbant (DHS-P&T) et analysé par GC-MS.

¢  Détermination de biomarqueurs de consommation d'orange
dans le plasma sanguin par analyse LC couplée a la séparation
par mobilité ionique (IMS) en combinaison avec la spectrométrie
de masse haute résolution (HRMS).

¢ Détermination des changements au niveau métabolique dans le
foie de rats, atteints de stéatose hépatique non alcoolique induite
(NAFLD), par la prise simultanée de composés ayant un effet

antioxydant rapporté (resvératrol et ptérostilbene).

o Détermination de biomarqueurs liés a la signalisation chimique
et au comportement associés a la réponse maternelle des souris

émis par leur progéniture dans les premiers jours de 1'age.

¢ Etudier le potentiel de I'IMS en métabolomique non ciblée et

dans l'identification de biomarqueurs.
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Il est a noter que ce travail a été réalisé en collaborations étroites avec
des groupes de recherche ou des entreprises de différents domaines. Ces
collaborations et/ou interactions ont été essentielles pour le développement
de cette these et ont mis en évidence l'importance de la collaboration
multidisciplinaire dans la recherche scientifique, et la richesse des
connaissances que ceci apporte. Le chapitre 2 a été réalisé grace a la
collaboration de la société Sea Delight Europe, S.L, avec une mention spéciale
a M2 Carmen Corell et Fernando Dominguez. Le chapitre 3 a été développé
grace a la collaboration du Département de médecine préventive et de santé
publique, des sciences alimentaires, de toxicologie et de médecine légale de
I'Université de Valence, dirigé par le Professeur Dolores Corella. Le chapitre
4 est né de la collaboration avec le Professeur Maria Puy Portillo et le Docteur
Alfredo Fernandez du Département de nutrition et des sciences alimentaires
de 1'Université du Pays Basque. Finalement, les études compilées dans le
cinquieme chapitre ont été réalisées grace a 1'étroite collaboration avec le
Laboratoire de neuroanatomie fonctionnelle de 1'Unité prédépartementale de
médecine de I'Université Jaume I dirigé par le Professeur Fernando Martinez
Garcia. En outre, pendant la période des études doctorales, un séjour
international a été effectué au Service de Pharmacologie et d' Immunoanalyse,
CEA Paris-Saclay (France), un centre renommé dans le domaine du
métabolisme et de la métabolomique, ou des méthodes analytiques avancées

ont été développées avec HRMS dirigé aux études de métabolomique.
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Chapter 1. General introduction

1.1 Introduction to metabolomics

1.2 Scientific article I

“Chromatography hyphenated to high resolution mass
spectrometry in untargeted metabolomics for investigation of food
(bio)markers”

Trends in Analytical Chemistry 135 (2021) 116161

1.3 References
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1.1 Introduction to metabolomics

1.1 Introduction to metabolomics

What is Metabolomics all about?

There is a growing interest in increase the knowledge about how an
ongoing biological process may affect an organism (biological functionality)
and the molecules involved on the biological mechanisms (biological
components), attending to the System Biology paradigm. This is a holistic and
interdisciplinary approach based on the study of the complex interactions
that occur withing a biological system (cells, organs, organisms or even
groups of organisms) (Veenstra, 2021).

In this field of study, -omics strategies have caused huge progress.
-Omics strategies might be divided in genomics, transcriptomics, proteomics
and metabolomics (Figure 1); and their primary aim is the identification of
a set of biomolecules (genes, transcripts, proteins and metabolites,
respectively) present in a specific biological sample and in a complete and
integrated way (Weckwerth, 2003). From these “big four omics”, a wave of
other omic fields have been created focusing, for example, in a narrower set
of biomolecules as epigenomics, glycomics, lipidomics or volatolomics; or by
focusing in a determinate domain as microbiomics or foodomics.

Biological molecules
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Transcription Translation Enzimatic reactions

; g f?** o

im“ &

ottty T
VSN
Genomics  Transcriptomics Proteomics Metabolomics
>
Genotype Phenotype

Figure 1. Schematic representation of the main omics strategies.
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Chapter 1. General introduction

Within the context of metabolomics, this -omic strategy concerns the
study of metabolome and its perturbation by the effect of endogenous and/or
exogenous causes as disease, environment or dietary influences (Lindon et
al., 2003). The term metabolome (Oliver et al., 1998) is used to address the
whole set of low molecular weight molecules (< 1500 Da) metabolites,
intermediates and metabolism products or even exogenous compounds
present in a cell, tissue, organ or organism (Fiehn, 2002). Metabolites are in
general the downstream products of the gene transcription and translation;
and they reflect most closely the operation of a biological system, its
phenotype. Therefore, metabolomics can provide an instantaneous and
comprehensive snapshot of the metabolic state of the biological system under
study.

Compared to the genomics, transcriptomics and proteomics methods
that focus in a single chemical class of compounds, the analysis of
metabolome presents a significant analytical challenge due to the disparate
physical and chemical properties of the molecules that composes it.
Moreover, their relative concentration may have a huge variation from a
compound to another from 7 or 9 orders of magnitude of difference,
exceeding sometimes the linear range of some analytical techniques
employed (Cifuentes, 2013; Dunn & Ellis, 2005).

Due to this fact, metabolomics owes in large part its rise and expansion
to the great technological development of analytical techniques and
instrumentation. Nowadays, the most used analytical technique to analyse a
large number of metabolites simultaneously is mass spectrometry coupled to
different chromatographic separation techniques, such as liquid or gas
chromatography, relegating to second place in this field the NMR mainly due
to poorer sensitivity (Kuehnbaum & Britz-McKibbin, 2013). But, although
nowadays the technology employed for the analysis is highly sensitive and
sophisticated, due to the high diversity of chemical structures that compose
the metabolome there is no a single technique to analyse the entire
metabolome. Therefore, complementary approaches have to be employed in
terms of extraction, separation, detection, quantification and identification to

cover as many metabolites as possible (Bowen & Northen, 2010).
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1.1 Introduction to metabolomics

Another bottleneck in metabolomics is the extraction of the
information and interpretation from the vast amount of data produced by the
high-performance analysers. Sophisticated data treatment software and
high-throughput chemometric tools (univariant and multivariant statistical
analysis) are needed to unveil the relevant information (Karaman, 2017;
Pinto, 2017).

Different metabolomic analytical approaches have been designed in
order to answer different types of questions. On the one hand, target
metabolomics or metabolic profiling is the approximation employed when
the aim of the study is a pre-defined group of metabolites in a biological
sample (e.g. a set of metabolites related to a specific pathway or a group of
metabolites shared among different pathways) that are suspect to be involved
in the analytical question of the study. In this approach the analytical
methods are optimised for the identification and quantification of target
compounds. On the other hand, untargeted metabolomics or metabolic
fingerprinting, focuses in the differentiation and/or classification of samples
based in the comparison of patterns or fingerprints of metabolites that
change in response to an endogenous or exogenous factors, with the final aim
of identify relevant biomarkers of the altered state under study, without the
bias concerning the choice of targets to be analysed (Dettmer et al., 2007;
Weckwerth, 2003).

This thesis mainly focuses on the application of untargeted
metabolomics approaches involving mass spectrometry combined with liquid
and gas chromatography. The Scientific article I hereunder explains in
detail all the steps that are comprise in the untargeted metabolomics
analytical workflow based on chromatography separation hyphenated to high
resolution mass spectrometry. This article was specifically aimed at the
discovery of food (bio)markers, and therefore shows the state of the art of this
field and the most widely adopted strategies. A great part of the thesis has
been carried out in this area, however this description of the untargeted
metabolomic workflow and the different aspects to take into account is
transversal to other most of the areas of study, such as health or chemical

signalling and behaviour, which is the main theme of Chapter 5.
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1. Introduction dietary exposures and reducing the bias and errors associated with

Foodomics has been defined as a new discipline that studies
food and nutrition domains combining the application of advanced
analytical techniques (omics tools) and bivinformatics. The use of
omics tools, such as genomics, transcriptomics, proteomics and or
metabolomics, is a requirement to address the challenges pre-
sented in emerging working areas included in focdomics studies
[1]- Metabelomics can be defined as a non-selective, comprehen-
sive analytical approach for the identification and quantification of
metabolites in a biological system, typically those small molecules
with a molecular weight below 1500 Da [2]. Metabolomics has
become a powerful tool for the study of the complex interactions
between diet and the human or animal crganisms enabling to
expand our knowledge of the subtle changes at metabolic level
activated by foods, nutrients and disease. It has allowed significant
improvements in the field of dietary assessment since it enables the
identification of novel and robust biomarkers of food intake (BFIs)
enhancing the accuracy and the objectivity in the measurement of

0 (T Portoles)
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self-report methods [%]. On the other hand, the potential of
metabolomics as a robust, efficient and sensitive analytical meth-
odology in food safety, quality and traceability is widely recognized
4]

Metabolomic studies are challenging because of the aim o
characterize complex and diverse biological matrices containing
compounds with a wide range of polarities or volarilities. Carbo-
hydrates, lipids, amino acids, amines, steroids, phenolic com-
pounds, carotenoids, alkaloids or volatile compounds, are examples
of compounds that constitute the metabolome [2]. This enormous
diversity has led to the emergence of sub-areas within the
metabolomics field to narrow down the search for compounds with
similar physicochemical properties. As an example, lipidomics
deals with the determination of lipid classes, subclasses and lipid
signalling molecules, providing a tool for the assessment of changes
in lipid metabolism |5]. On the other hand. volatolomics is the sub-
unit of metabolomics responsible of the detection, characterization
and quantification of velatile metabelites in a biclogical system [G].

In general, two complementary approaches are used in meta-
bolic research: metabolic profiling (targeted metabolomics) and
metabolic fingerprinting (untargeted metabolomics). Metabolite
profiling focuses on the analysis of a group of metabolites such as
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Highlights

e Updated review (2017-2020) of untargeted metabolomics strategies
applied on food field.

e Advances in LC, GC and HRMS greatly contributed to food
(bio)markers research.

e Trends and future of HRMS-based untargeted metabolomics
strategies are discussed.

e Applications on food processing, food intake and food health effects

are reviewed.
Abstract

Currently, there is a growing demand by our society, authorities and
science to increase the knowledge about the quality of food and its
relationship with health and disease. Untargeted metabolomics approaches
are emerging as powerful tools for exploring metabolic changes in biological
systems under different conditions with great potential in the food field. To
this aim, it is necessary to apply advanced analytical techniques, such as
chromatography hyphenated to high resolution mass spectrometry, which
provides enough sensitivity and selectivity to cover a wide range of

metabolites in complex samples, as food and biological samples. The
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objective of this work is to provide an overview of the most widely adopted
strategies based on the use of high resolution mass spectrometry-based
techniques for the identification of food (bio)markers through the untargeted
metabolomics workflow. Detailed information is provided about the trends in
each stage of the metabolomics process from updated literature with the
objective to help researchers to select the most appropriate metabolic

approaches.
Keywords

Untargeted metabolomics; Mass spectrometry; LC-HRMS; GC-HRMS;

Food sciences; Nutrition; Biomarkers

Abbreviations

APCI atmospheric pressure LC liquid chromatography
chemical ionization

BFI biomarker of food intake LR low resolution

CI chemical ionization MS mass spectrometry

DDA data dependent acquisition MS/MS tandem mass spectrometry

DIA data independent acquisition MSn sequential mass spectrometry

EI electron ionization NMR  nuclear magnetic resonance

ESI electrospray ionization oT Orbitrap mass analyser

FS full scan Q quadrupole mass analyser

GC gas chromatography RPLC reversed phase liquid

chromatography

HILIC hydrophilic interaction TOF time-of-flight mass analyser
chromatography

HRMS high-resolution mass xC-HRMS chromatographic
spectrometry techniques coupled to high

resolution mass spectrometry
IMS ion mobility spectrometry

IT ion trap mass analyser
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1. Introduction

Foodomics has been defined as a new discipline that studies food and
nutrition domains combining the application of advanced analytical
techniques (omics tools) and bioinformatics. The use of omics tools, such as
genomics, transcriptomics, proteomics and/or metabolomics, is a
requirement to address the challenges presented in emerging working areas
included in foodomics studies [1]. Metabolomics can be defined as a non-
selective, comprehensive analytical approach for the identification and
quantification of metabolites in a biological system, typically those small
molecules with a molecular weight below 1500 Da [2]. Metabolomics has
become a powerful tool for the study of the complex interactions between diet
and the human or animal organisms enabling to expand our knowledge of the
subtle changes at metabolic level activated by foods, nutrients and disease. It
has allowed significant improvements in the field of dietary assessment since
it enables the identification of novel and robust biomarkers of food intake
(BFIs) enhancing the accuracy and the objectivity in the measurement of
dietary exposures and reducing the bias and errors associated with self-report
methods [3]. On the other hand, the potential of metabolomics as a robust,
efficient and sensitive analytical methodology in food safety, quality and
traceability is widely recognised [4].

Metabolomic studies are challenging because of the aim to characterize
complex and diverse biological matrices containing compounds with a wide
range of polarities or volatilities. Carbohydrates, lipids, amino acids, amines,
steroids, phenolic compounds, carotenoids, alkaloids or volatile compounds,
are examples of compounds that constitute the metabolome [2]. This
enormous diversity has led to the emergence of sub-areas within the
metabolomics field to narrow down the search for compounds with similar
physicochemical properties. As an example, lipidomics deals with the
determination of lipid classes, subclasses and lipid signalling molecules,
providing a tool for the assessment of changes in lipid metabolism [5]. On the
other hand, volatolomics is the sub-unit of metabolomics responsible of the
detection, characterization and quantification of volatile metabolites in a
biological system [6]. In general, two complementary approaches are used in

metabolic research: metabolic profiling (targeted metabolomics) and
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metabolic fingerprinting (untargeted metabolomics). Metabolite profiling
focuses on the analysis of a group of metabolites such as those related to a
specific metabolic pathway. In this approach, target metabolites are selected
beforehand and they are assessed using specific analytical methods.
Technological advances have increased the number of metabolites that can
be quantified simultaneously. Moreover, the results of metabolic profiling are
independent of the technology used for data acquisition. Metabolic
fingerprinting does not aim to identify the entire set of metabolites but rather
to compare patterns or fingerprints of metabolites that change in response to
an altered state promoted by endogenous (disease, genetics...) or exogenous
(diet, environment...) conditions. It can be used as a tool to evaluate the state
of a biological system by comparing, for example, control and disease
subjects, or to assay the success of a particular treatment
(prognosis/recovery). Once a differential pattern is discovered, further steps
to identify the contributing compounds (qualitative) and to determine the
absolute amounts of metabolites that participate in the processes studied
(quantitative) must be followed. This issue is not trivial and prior to boarding
on the task of discovering metabolic biomarkers, sufficiently sensitive and
selective instruments and extensive compound libraries for metabolite
identification must be available, while wide experience in data analysis and
interpretation are also necessary [7]. Unlike the traditional analytical
workflow, untargeted metabolomics is an hypothesis-driven methodology,
that means that to address a biological question the experiment must be
design with the broadest perspective as possible, and the hypothesis is
generated from the result [5]. As large data sets are obtained from the results,
potent statistical tools, as multivariate analysis, are necessary to reduce the
data complexity and to reveal underlying trends from which it is hoped that
hypothesis can be generated [8]. Fig. 1 shows a typical workflow followed in
metabolomics fingerprinting. Concerning the detection and identification of
metabolites, high resolution mass spectrometry (HRMS)-based techniques
are, undoubtedly, the most suitable option to deal with the vast diversity of
small molecules with distinct physicochemical properties in complex
biological matrixes that constitute the metabolome. The main advantages of
HRMS-based metabolomics are the high sensitivity and selectivity as well as

the accurate-mass full-spectrum acquired data, together with possibility to be
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Fig. 1. General overview and schematic content of the untargeted metabolomics
workflow based on xC-HRMS analysis.
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coupled on-line to a separation technique. The hyphenation of separation
techniques, mainly gas chromatography (GC) and liquid chromatography
(LC), with HRMS reduces the complexity of the mass spectral data, enhancing
the sensitivity of the detection and providing additional information about
the physicochemical characteristics of the analysed molecules. Moreover,
HRMS analysers can be used as a hybrid instrument allowing acquisitions in
tandem mass spectrometry mode (MS/MS or MS®) incorporating
fragmentation data of the metabolites and facilitating the confirmation of
known, reported, compounds or assisting the elucidation of unknown

metabolites.

The starting point of this work was a comprehensive search in Scopus
database using the following keywords: “precision foods”, “functional foods”,
“precision nutrition”, “food intake”, “biomarkers of intake”, “nutritional

» o«

assessment”, “dietary markers”, “nutrimetabolomics”, “food quality”, “food
safety”, “food authenticity”, “food fraud” and “food traceability”; along with
keywords related to the analytical technique and the methodology:
“untargeted” (and synonyms “fingerprinting”, “untarget” and “non-target”),
“metabolomics”, “mass spectrometry”, “HRMS” and “MS”; in papers
published between 2017 and 2020. Reviews, trends, perspectives and book
chapters were kept separately as a source of information. With the articles
selected, a discussion of the trends in chromatography-HRMS-based
metabolomics fingerprinting within in the context of foodomics is provided

using as guideline the workflow shown in Fig. 1.
2. Study design

Bearing in mind the objective of metabolomics fingerprinting, the
experimental design requires careful consideration prior to laboratory work
to ensure the quality and validity of the results. Within this approach, an
appropriate experimental design must undertake the acquisition of data
related to a specific biological question while ensuring that covariates or

cofounders are not present or are well characterised [9].

A common feature in experimental design is that cohorts should be
homogenous in those factors that are not included in the biological question,

avoiding unnecessary errors, false leads and “statistical noise” [8]. For

Trends in Analytical Chemistry 135 (2021) 116161 23



Chapter 1. General introduction

example, within the context of the discovery of fraudulent practises in the
food industry, dead on arrival and regularly slaughtered chickens metabolite
patterns were compared. All the chickens were grown on the same farm, were
of the same age and were fed the same diet; moreover, the same tissues were
analysed [10]. Sometimes, sample characterisation after sample collection is
necessary to define in which cohort the sample belongs; for example, testing
panels made up of professional tasters were used to assess quality in olive oil
samples [11] and green tea samples [12]. In other study, the quality in berries
of sea buckthorn was defined using a colorimeter [13]. In some occasions,
when the objective is to look for the variability between geographic origin or

variety, the characterisation is provided by the supplier [14].

A common feature in experimental design is that cohorts should be
homogenous in those factors that are not included in the biological question,
avoiding unnecessary errors, false leads and “statistical noise” [8]. For
example, within the context of the discovery of fraudulent practises in the
food industry, dead on arrival and regularly slaughtered chickens metabolite
patterns were compared. All the chickens were grown on the same farm, were
of the same age and were fed the same diet; moreover, the same tissues were
analysed [10]. Sometimes, sample characterisation after sample collection is
necessary to define in which cohort the sample belongs; for example, testing
panels made up of professional tasters were used to assess quality in olive oil
samples [11] and green tea samples [12]. In other study, the quality in berries
of sea buckthorn was defined using a colorimeter [13]. In some occasions,
when the objective is to look for the variability between geographic origin or

variety, the characterisation is provided by the supplier [14].

Regardless the aim of the study, the collection of metadata during
sample collection is crucial to avoid bias and the incorporation of data related
to confounding factors into the statistical analysis [9]. In studies involving
humans it is imperative to collect demographic/physiological/lifestyle
metadata since such factors are difficult to control and inter-subject
metabolic variation could be hiding the metabolic changes produced by the
food or diet to be assessed. In animal or cellular assays, where there is
commonly an extensive control over these factors, the inter-subject variation

is usually negligible. Inclusion and exclusion criteria are commonly
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established in human studies to avoid incorporating subjects whose
demographic/physiological/lifestyle characteristics can produce undesirable
results in a specific study. For example, smokers used to be excluded due to
the potential exposure to polycyclic aromatic hydrocarbons [15].

Two approaches can be considered when designing foodomics studies:
intervention studies and observational studies. Dietary intervention study
designs generally involve participants consuming a specific standardised diet
or food product over a defined time. In this way, the variation introduced by
food storage, preparation process, as well as the type of food and the
nutritional value, is in usually controlled. Biofluids, urine or blood, are
collected at specific time-points depending on the research interest. For
example, blood samples were collected at baseline and after three and six
weeks of treatment with the aim to compare the metabolite fingerprints at
different levels of red-meat consumption [15]. On the other hand, twenty-
four-hour urine samples were collected in a four-way cross-over intervention
for the investigation of biomarkers in different kinds of meat consumed in a
restricted diet during 48 h [16]. Within a cross-over design, such as the
previous example, the participants receive all treatments reducing the inter-
subject variation. When a succession of treatments is applied to the same
participants is necessary to include washouts in the study design, which can
consist in returning to the habitual diet or in excluding the food of interest for
the study. The importance of washouts lies in returning to the basal metabolic
levels avoiding carryover. Besides, in such studies that include blood
collection, the washout duration must be longer to ensure the recovery of red
blood cells and platelets [17]. Other elements to highlight are the
randomisation of subjects and the nutritional and isocaloric equivalence
between treatments. Generally, dietary intervention studies are expensive
and laborious to conduct, and some methodological compromises are

required, such as limiting the sample size or reducing the time of study [3].

In observational studies, two groups, generally low and high consumers
of the food(s) or diet of interest, are selected from food intake data collected
by traditional dietary assessment methods such as food frequency
questionnaires (FFQ), dietary diaries or other dietary assessment tools.

Broadly, participants are selected from large cohorts to perform a cross-
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sectional study; in other words, groups of participants are compared at a
single time point. For example, a cross-sectional design was applied to a
subgroup of the SU.VI.MAX cohort, funded by the French National Cancer
Institute. All participants were invited to complete a 24-h dietary record every
two months up to a total of 10, covering all days of the week and all seasons
of the year to assess their adherence to the French dietary recommendation
[18]. A meticulous exclusion process was applied in the previous example, for
selecting a limited number of participants from a large cohort. A stratified
randomisation was performed to ensure that experimental groups are
balanced concerning the confounding variables [19]. Observational work
usually involves studies with a large number of samples and long study time;
however, the limitations of traditional dietary assessment in providing
reliable information could be a source of bias. Sometimes, cross-sectional
studies in large cohorts are used to validate biomarkers identified by

interventional designs [20].
3. Sampling and sample preparation

Once the experimental design is established, the next steps in the
analytical process involve sample collection and sample preparation in the
laboratory, including the shipping and storage of samples. It is essential to
minimize sources of confounding factors, random or systematic errors during
these stages to ensure the generation of robust and reproducible data, which
only result in the variation between the different classes defined in the study
design. Samples should be representative in terms of the biological question,
defining factors such as the type and amount of sample, time of collection,
and ensuring proper randomisation and group balancing within the sampling
plan [21]. After collection of the sample, the metabolome may change because
of many factors such as enzymatic activities, exposure to oxygen, UV light and
temperature; so, optimum transport and storage conditions must be
established to avoid sample losses, transformations, or contamination.
Sample preparation in untargeted metabolomics aims transforming the
physiochemical properties of the sample in a reproducible way to make it
compatible with the analytical method. It should be as less selective as
possible, maintaining the most the metabolomic composition of the sample,

covering a wide range of compounds. Minimizing the steps in sample
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preparation avoids losses of metabolites and facilitates a high sample
throughput [22]. In most cases, sample preparation is reduced to a
straightforward solvent-extraction [4] or even a simple “dilute and shoot” in
the case of less complex matrices when using LC separation [22].

Before the extraction, it is necessary to homogenise the sample and
reduce its size, together with metabolism quenching. In solid samples (e.g.
food, human and animal tissues), freeze-dried powder sample or frozen
samples are commonly used; the sample can also be ground in a mortar with
liquid nitrogen [23]. Vortex and ultrasounds sonication can be used to
perform a more exhaustive extraction of metabolites during solvent-
extraction in solid matrices [[24], [25], [26]], while in liquid samples (e.g.
beverages and bio-fluids), stirring and aliquots are usually applied for

homogenization and size reduction.

Hydro-organic mixtures containing water, methanol, acetonitrile
and/or formic acid are a common choice for extraction since such versatile
solvent systems provide enough solubility for covering polar and semipolar
metabolites [21]. Hydrophobic extraction mixtures using organic solvents,
such as chloroform or dichloromethane, are appropriate for the extraction of
the non-polar fraction of the metabolome, as for example lipids or volatile
compounds. Double extractions are sometimes applied to cover both polar
and non-polar metabolites [10,27]. For example, chloroform, water and
methanol was applied for freeze-dried carrot samples; after centrifugation,
the aqueous phase (water/methanol) was used for analysing polar
compounds, and the chloroform phase was evaporated and reconstituted

with methanol for lipids analysis [28].

Cold extraction is recommended to avoid enzymatic activity. Some
compounds can be used to stop the metabolomic activity, as long as global
extraction is not compromised; for example, O-(carboxymethyl)
hydroxylamine hemihydrochloride (OCMHA) was added to inhibit enzyme
alliinases in garlic samples [14]. After extraction, centrifugation is applied to
eliminate the solid residues and the proteins precipitated by the organic

solvent.
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In GC-based methods, the non-volatile compounds should be carefully
removed or being chemically derivatised, which increases the complexity of
the sample treatment adding time-consuming steps. A typical derivatisation
consist on two-steps process: methoxymation for ketone functional groups
protection with methoxyamine, followed by silylation with reagents as BSTFA
[27], MSTFA [29] and MTBSTFA [19], to reduce the polarity of the molecule
by reacting with the active hydrogen of polar functional groups(—OH, —
COOH, -NH», —SH and —PO43). In this way, it was possible to detect
simultaneously chemical families like amino acids, sugars, organic acids and
some fatty acids, among other metabolites, in vegetable matrices [30] or
human biofluids [31].

In volatolomics studies, GC analysis is the natural selection. Dynamic
headspace purge and trap (DHS-P&T) has been used to extract the volatile
fraction in olive oil samples. Volatiles were released from the sample by the
use of a nitrogen stream and then retained on a reversed-phase sorbent
cartridge [11]. In some cases, a solvent extraction from the trap cartridge is
applied with a GC-suitable solvent such as n-hexane. Another alternative for
volatile extraction is to establish an equilibrium between the vapour phase
and the adsorbent in a closed space. Thus, headspace solid-phase
microextraction (HS-SPME) has been satisfactorily used in seeds and whisky
analysis [32,33]. The volume of sample, temperature, equilibrium time, the
necessity of stirring, salting-out and the type of fibre are parameters
commonly optimised in SPME analysis, and PDMS/DVB coating is suitable
for volatile global screening [34]. Parallel to the SPME analysis, a more
extensive range of compounds, including volatiles and semi-volatiles, could

be extracted with ethyl acetate in whiskey samples [33].

Blood plasma, serum and urine are the common biofluids studied. The
extraction of metabolites from urine is usually made by dilution with water
and centrifugation followed by filtration for removal urine proteins or
particulates. The dilution can be done before or after the centrifugation, and
the degree of dilution uses to be in the range 1:1 to 1:3 (v/v) [35]. An attempt
to normalise the dilution factor was carried out by the measuring of specific
gravity by refractometry before the analysis [36]. Regarding serum and

plasma, due to their high protein content, the sample preparation scheme
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involves a simple protein precipitation followed by centrifugation and
reconstitution [[37], [38], [39]]. It is also possible to extract exogenous
metabolites by using acidified methanol [18].

4. Instrumental analysis

There is no universal analytical technique in untargeted metabolomics.
The analysis of complex samples and the vast diversity of small molecules
with diverse physico-chemical properties that constitute the metabolome
entails the need to use a wide variety of analytical techniques. It is highly
recommended to run more than one platform to enhance the compound
coverage and to obtain comprehensive information. The two major analytical
platforms to perform untargeted metabolomics are nuclear magnetic
resonance (NMR) spectroscopy and HRMS-based techniques. NMR
advantages are the robust structural elucidation capabilities, the non-
destruction of the sample and the detection of non-ionizable compounds,
among others [40]. However, it is not capable of reaching the sensitivity of
HRMS-based techniques and is less suitable to be coupled on-line to
separation techniques. The hyphenation of separation techniques with
HRMS reduces the complexity of the mass spectral data, enhancing the
sensitivity of the detection, providing useful information about the
physicochemical characteristics of the analysed compounds. In untargeted
metabolomics, GC and LC are the most used separation techniques and both
can be easily coupled to HRMS. The accurate-mass full-spectrum information
provided by HRMS is essential for the reliable identification of the

compounds previously separated by chromatography.

From the 79 articles reviewed in this paper that perform untargeted
metabolomics for food related biomarkers, 68 used LC-HRMS, 7 GC-HRMS
and only 4 a combination of both techniques. In other cases, one of these
platforms is complementary to other techniques as capillary electrophoresis-
HRMS, NMR o GC-MS (nominal mass analysers). This review focuses on the
combination of chromatography with HRMS.
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4.1. High resolution mass spectrometry (HRMS)

The progress in untargeted metabolomics has been mainly driven by
the improvements of the analytical techniques; the most important being MS
technological innovations [41]. The improvements have been mainly focused
on the increase of mass resolving power and sensitivity, as well as broadening
the dynamic range and enhancing the acquisition rate [4,42]. Among the
HRMS analysers, time-of-flight (TOF) and the Orbitrap (OT) are the most
used, while Fourier transform ion cyclotron resonance (FT-ICR) is less
applied due to its low acquisition rate, which makes difficult the coupling with
fast chromatographic separations, as well as to its higher maintenance costs,

making it a less affordable analyser.

HRMS can be also used as hybrid instruments combined with low
resolution (LR) mass analysers, such as ion trap (IT) or quadrupole (Q),
allowing to work not only under full scan (FS) mode but also under tandem
mass mode (MS/MS or MS®), improving the identification based on the
fragmentation patterns. TOF and hybrid Q-TOF instruments are the most
used in untargeted metabolomics applied to food related sciences (applied in
11 % and 68 % of the reviewed research articles, respectively); followed by
hybrid OT analysers (13 % using Q-OT, and 8 % using IT-OT). These mass
analysers can achieve mass accuracy below 2 ppm (with internal calibration).
Mass resolution expressed as full width at half maximum (FWHM) can reach
values up to 80,000 and 1,000,000 for TOF-based and last generation OT-
based instruments, respectively. However, the resolving power is dependent
on the duty cycle for OT-based instruments while Q-TOF analysers are able
to acquire at a scan rate up to 100 Hz independently of the resolving power.
This fact has made Q-TOFs better suited when the chromatographic peaks
are narrow as in GC or fast LC separations [43]. Nevertheless, the innovation
on OT instruments has allowed the recent introduction of GC-OT instruments
into the market with an interesting potential in future untargeted
metabolomics applications [44]. Hybrid MS analysers allow the simultaneous
MS acquisition and MS/MS or MS" in a single injection (i.e. FS and target
MSr analysis). Under these acquisition modes, one can obtain both (semi)-

quantitative (from the FS) and structural (from the MS®?) information in a

30 Trends in Analytical Chemistry 135 (2021) 116161



1.2 Scientific article I

single injection. Data dependent and data independent acquisitions modes
can be applied in analysis (DDA and DIA, respectively).

Under DDA, the instrument automatically switches from FS to MS/MS
or MSn of the preselected ions detected in the FS spectrum. This preselection
is intensity dependent along with other predefined parameters and may
negatively affect the DDA coverage specially for low abundance features [45].
Licha et al. satisfactorily applied Q-OT under DDA for analysis of mice plasma
samples after application of ketogenic diet to study the metabolic profile and
its relationship with tumour growth inhibition [46]. In the DDA, MS? criteria
specified that the five most abundant ions from every scan cycle were isolated
in the Q in a window of 0.8 m/z and subsequently fragmented. Tovar et al.
implemented a DDA acquisition method in a Q-TOF instrument to study the
effect of multifunctional diet in human metabolism where only the 4 most
abundant ions from every precursor scan cycle were selected for
fragmentation [47]. Nevertheless, there was the need to perform additional
target MS/MS measurements for those potential markers that failed to be
included in the previous DDA method.

DIA systematically performs the fragmentation of all precursor ions
along the full m/z range (also called all-ion fragmentation (AIF) or MSE
among other commercial names) or within a selection of sequential mass
windows (like SONAR or sequential window acquisition for all theoretical
spectra (SWATH)). Although DIA covers the DDA limitation for low
abundance ions, the resulting MS/MS spectra is a composite of fragment ions
generated from all precursor ions. Thus, it is required the aid of powerful
algorithms to stablish the link between the precursor ion and the
fragmentation pattern [45]. Hoyos Ossa et al. applied MSE acquisition
method for the origin discrimination of Colombian green coffee [48]. The
fragmentation spectra obtained under MSE were not enough informative to
allow the identity of the markers. Therefore, additional target MS/MS
analysis was made to confirm the structure of the compounds used in the
model of discrimination by origin. More information about data acquisition
in untargeted metabolomics can be found in the extensive review of Fenaille
et al. [42].
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It is worth noting the difficulties to optimize a methodology in
untargeted metabolomics when the compounds that may be relevant are
unknown, contrary to targeted approaches, such as profiling metabolomics,
where they are known, and reference standards are commonly available.
Therefore, the choice is usually based on the possibility of fragmenting the
maximum number of ions as possible and thus being able to cover a wider
range of compounds that could be potential markers. Guo et al. made a
comparative study of FS, DDA and DIA (AIF mode) in LC-QTOF untargeted
metabolomics with different LC separations using spiked human urine
samples. The best results where for FS in terms of sensitivity and quantitative
precision, higher quality of MS? spectra with DDA but better MS? spectral
coverage with DIA [45].

4.2, Gas chromatography-high resolution mass spectrometry
(GC-HRMS)

GC is ideal for the separation of thermally stable and volatile
compounds (or volatile derivatives previous chemical derivatisation).
Capillary columns from non-polar stationary phases as 100 %
dimethylpolisiloxane [31], to polar as 100 % polyethylenglicol [33] may be
used. One of the most applied in untargeted metabolomics is the non-polar
stationary phase 5 % dimethyl — 95 % dimethylpolysiloxane [27,29,30,49,50]
or similar [11,19,32]. GC-MS is well established in metabolomics [41]
because of its advantages of high chromatographic resolution, sensitivity and
separation reproducibility [51]. However, aqueous samples must be dried or
subjected to solvent exchange before GC-MS analysis (which can entail
volatile losses). As mentioned above, those compounds that are not naturally

volatile must be carefully removed or being chemically derivatised.

Electron ionization (EI), a robust and hard-ionization technique, is the
most commonly used in GC-based metabolomic studies [52] where useful
spectral databases have been built over the years, such as NIST. The
availability of these databases facilitates the rapid identification of the
markers by mass spectral matching, which makes it the main attractiveness
of the GC-EI-MS, especially compared to the LC-MS based metabolomics
[51].
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The ionization source has notable impact on the mass analyser selected.
Indeed, the significant in-source fragmentation makes a hybrid analyser less
useful, and so GC-EI is commonly coupled to a single mass analyser as TOF
working in FS acquisition. As illustrative example, the plasma metabolic
profiles associated with meat and seafood consumption in Asian population
[19] were studied by LC-QTOF and GC-EI-QTOF analysis (previous
derivatisation). While for highlighted markers from LC analysis, additional
MS/MS acquisition were needed for structural elucidation, GC-EI-MS
analysis was performed only in FS and markers were annotated by
fragmentation spectra matching with NIST library, with final identity
confirmation with reference standards. The use of GC-EI-MS with LR
analysers (e.g. Q) under FS mode continues to be widespread, since the
structural identification power of the fragmentation spectrum together with
the libraries make the exact mass acquisition of HRMS less necessary, in
addition to being clearly more economical and accessible instrument for most

laboratories.

Chemical ionization (CI) is less applied compared to EI. CI is a soft-
ionization technique able to preserve the precursor ion, commonly limited to
targeted analysis, as it is strongly dependent on the reagent gas and pressure
used for the ionization [53]. Stupak et al. performed additional target MS/MS
analysis with positive CI where the precursor ion was not found for those
potential markers of quality and authenticity of Scotch whiskey with excessive

fragmentation in EI [33].

4.3. Liquid chromatography-high resolution mass
spectrometry (LC-HRMS)

LC is the most employed separation technique especially for aqueous
samples as biofluids or some food matrices. Furthermore, it does not usually
require complex sample preparations and involves short run times compared
to GC. Due to the diversity of stationary phases and the different mobile
phases that can be used, versatility is one of the main advantages of this
technique, allowing its applicability to the analysis from medium to highly
polar, low volatility and/or thermolabile compounds. If the interest is to
reach the maximum coverage, as in untargeted metabolomics, more than one

separation mechanisms should be assayed.
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Reversed phase LC (RPLC) and hydrophilic interaction
chromatography (HILIC) are the most used stationary phases in untargeted
metabolomics. Among RPLC, ideally suited for the analysis of semi-
polar/nonpolar analytes, C18 stationary phase is the most commonly used
due to its well-known behaviour, good robustness and its ability to cover a
wide range of compounds. It has been applied in the identification of
biomarkers of intake [54,55], designation/geographical of origin [56,57], and
the study of the effect of functional food in health [58,59], among others. Two
complementary C18 RPLC strategies have been used to assess the changes in
plasma metabolome by the consumption of an herbal supplement, one more
geared towards the lipidic metabolome (lipidomics) and the other to general
metabolome (metabolomics) [60]. C18 columns modified with polar
endcapping (e.g. as HSS T3 from Waters) are becoming more popular, as they
are able to support highly aqueous mobile phases (even 100 % water)
expanding their applicability to more polar compounds compared to the
traditional C18. Kozlowska et al. detected with this stationary phase some
nitrogenous bases as tryptophan metabolites, organic acid and phase II

metabolites in urine, usually difficult retain in conventional C18 [61].

HILIC seems to be the choice for polar to highly polar compounds, but
insufficiently charged for ion-exchange chromatography. The stationary
phase is a highly hydrophilic, such as silica or chemically modified silica (as
amide) and the mobile phase is an organic solvent containing a small amount
of water (at least 5 %) [62]. HILIC separations were applied for the analysis
of polar lipids, in different life stages, of one of the most consumed seaweed
for sushi (Porphyra dioica) [63] as well as for the assessment of garlic
authenticity, detecting polar metabolites as phospholipids and small peptides
and amino acids [14]. This separation mode is more affected by the
chromatographic conditions and matrix effects, and it is known to be less
reproducible than RPLC regarding retention time. HILIC is commonly used
simultaneously with RPLC to obtain a complementary information on those
polar compounds that RPLC cannot separate. As example, this combination
has been applied for discovery of consumption biomarkers [36,64] and to
study the effects of different diets on health [65,66]. Pérez-Miguez et al.
highlighted the advantages of combining HILIC with RPLC (and even
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capillary electrophoresis) for the study of coffee roasting process showing a
comparative of the metabolites identified by each strategy [67].

Electrospray ionization (ESI) is clearly the preferred approach in
untargeted metabolomics based on LC-MS analysis. Indeed, all the LC-
HRMS studies reviewed made use of ESI, and 77 % of them used both positive
and negative ionization modes. In comparison with GC-EI-MS, LC-ESI-MS is
more affected by the instrument-to-instrument differences which makes
troublesome the matching with mass spectral databases. This fact and the
high quantity of non-reported compounds in LC databases may hamper the
identification of the (bio)markers, being the main bottleneck of untargeted
metabolomics studies based on LC-ESI-HRMS.

5. Data processing

Huge amounts of data are generated in untargeted metabolomics using
chromatographic techniques coupled to HRMS (xC-HRMS). The objective of
the data processing is to extract the information of the detected features from
the xC-HRMS raw 3D data and obtain a 2D data matrix where they are
characterized by m/z ratio, retention time (RT) and their relative intensities
across the samples, which will be used for statistical analysis. The main steps
are (i) Peak picking and deconvolution. It consists on the detection of each
measured ion in a sample and the assignation to a feature (in/z and RT). The
peak picking algorithm and deconvolution works with the extracted ion
chromatograms attending to some parameter of maximum m/z error,
interval of time (minimum and maximum time width to be considered a
chromatographic peak) and the minimum height or intensity, signal to noise
ratio (S/N), among other parameters. (ii) Retention time alignment. The
matched peaks with similar retention times and m/z ratio across multiple
samples are grouped in accordance to a window of m/z and RT, to be assigned
as the same feature and subsequently aligned. This parameter is especially
important in LC, as it tends to present more drift that can cause slights
differences in retention times along the run. The grouped peaks are then
integrated and a peak height or peak area is assigned to the feature in each
sample. (iii) Gap filling: It is applied to correct and fill in the missing peaks
(0 signal) or peaks not detected due to the restrictions of the first two steps
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(lower intensities or bad peak shape in some of the samples), but actually may

be present, that can affect the power of subsequent statistical analysis.

At this point, a first data table is obtained, and the quality of the
features data have to be assured in order to refine the data matrix. Some
methodologies as normalisation, scaling and data transformation allow the
removal of unwanted variabilities that occur due to both experimental
(systematic human and instrumental errors during the analytical process)
and biological (e.g. number and size of cells, concentration of biofluids...).
These corrections can be grouped as method-driven (normalisation based on
internal/external standards and/or quality control samples) and data-driven
(scaling and data transformation) [68]. The different approaches that can be
applied depending on the source of variability will not be discussed here. As
a reference, the reviews from Dudzik et al., describing strategies for quality
assurance in the hole untargeted metabolomic process [69], and from Li et al.
about different refining methodologies [70] can be consulted. Nevertheless,
it is worth noticing the need to include quality control samples (QCs,
representative average sample formed by a pool of all samples analysed) in
the metabolomic run (e.g. every 5 or 10 samples), to monitor the instrumental
analysis, and for validating the features in the data matrix [71]. This
surveillance could be applied for example: 1) to filter those features absent in
a certain number of QC samples [39,72]; 2) correct intensity drifts caused by
variations during the analysis, a common method is to apply the locally
estimated smoothing function (LOESS) [26,73]; and 3) to determine the
repeatability of each feature along the QCs, removing from the data matrix
those with high relative standard deviation (% RSD) [31,74].There is a wide
range of informatics tools to perform this important part of the untargeted

metabolomic process for xC-HRMS data.

Whether they are free or commercial tools, the processing is mainly the
same, although it may differ in how the steps are carried out, some of them
working with in-house made algorithms. In the literature reviewed, the most
employed tools were open-source software as XCMS (R package or Online)
[17,18,75,76], MZmine [16,77] and MetAlign [78]; and commercial software
as Mass Profiler Pro (Agilent Technologies Inc.) [79,80], Progenesis QI (Non
Linear Dynamics, Waters) [15,25,72], MarkerLynx (Waters) [81,82], SIEVE

36 Trends in Analytical Chemistry 135 (2021) 116161



1.2 Scientific article I

(Thermo Scientific) [37] and Compound Discoverer (Thermo Scientific) [83].
Some of them, as the open source MS-DIAL [84] or Compound Discoverer
(Thermo Scientific) among others commercial tools, not only perform the
abovementioned processes, but also the extraction and deconvolution of DDA
and DIA spectral data and annotation by comparison of the deconvoluted
MS/MS spectra with in house and/or public data bases, which is especially
important for conventional DIA spectral data interpretation [49,85,86].
Because the GC-HRMS technique is less used in this area, most of the listed
tools were developed for LC-HRMS data. However, their application to the
GC-HRMS data appears to be equally powerful. The tools used were basically
proprietary software as Chroma TOF (LECO) [27] or MetaboScape (Bruker
Daltonik) [50], and freeware as MzMine [11,19] or MS-DIAL [29]. There are
other tools that are gathering strength due to the good results obtained in this
type of data, such as PARAFAC2 based Deconvolution and Identification
System (PARADISe) [87].

6. Statistical analysis

Although the aim when analysing data from foodomics studies seems
quite simple: find the differences in the metabolite profiles related to the
experimental design, the complexity and size of the data, the elevated number
of metabolites and the natural biological variation of individuals make
challenging this exploration. Multivariate data analysis is a powerful tool to
explore correlations or co-variations in such datasets. This can be done with
(supervised) or without (unsupervised) a priori knowledge about the
experimental design [88]. Different tools have evolved during the past few
years, but the most often used chemometric method in unsupervised analysis

includes principal component analysis (PCA).

Many software options, free and commercial, are available for
univariate and/or multivariate statistical tests. Among commercial software,
SIMCA P+ (Soft independent modelling by class analogy) (Umetrics, Sweden)
[12,23,25,28,47,[89], [90], [91]] is one of the most used, as well as its light
version EzInfo, (Umetrics, Sweden) [11,92]. Regarding the free software,
MetaboAnalyst, which also provides a companion R package
(MetaboAnalystR) to complement the web-based application, is a suitable
option [57,86].
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There are several aspects to consider before facing the modelling of
metabolomics data where the number of variables largely exceeds the number
of objects. Data cleaning by one or successive pre-filtration steps should be
able to reduce the number of features and eliminate irrelevant signals while
avoiding or minimizing relevant chemical information loss. The most
commonly used are: i) removal of variables that exhibit a poor stability,
meaning relative standard deviation (% RSD or CV %) on peak area across
the QCs [91]; ii) removal of variables not present in a minimum number of
the samples in one group; iii) removal of those variables that have zeros in a
determined number of the samples (if it applies) (retain features with
“nonzero values”) [93]; iv) removal of variables that show a low fold change
or no significant difference among sample groups or among blank runs and
any of the sample groups [75,78,94]. Multiple univariate analysis tools as
pairwise t-test, ANOVA, etc are available at this point to determine significant
differences. With one or more of these pre-filtration steps, a more robust
dataset is obtained with still sufficient markers to enable a meaningful
analysis. An improvement in the clusterisation of the samples is also
observed, with a tight clustering of the QC samples and an increase in the

explained variance [10,83].

Once dataset is pre-filtered, PCA can be applied as a first step for
interrogating the data in order to observe trends, grouping and/or outliers.
PCA obtains new uncorrelated variables preforming linear combinations of
the original ones, called principal components (PCs), according to common
patterns and maximizing the variance in data. In this way, the dimensionality
of the data is reduced while still preserving information from the original data
set. The first PC represents the largest variation in the data set. The second
PC, orthogonal to the first, covers as much of the residual variation as
possible, and so on. Objects far apart in the score plot are different with
respect to what patterns the model describes and objects in close proximity

exhibit similar variations (see Fig. 2A) [95].

In some cases, PCA is enough to determine if the classes can be
predicted from the variables (discriminatory PCA) and to identify which ones
are important in predicting class membership. PCA allowed the identification

of markers potentially useful for the detection fraudulent use of chicken “dead
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on arrival” instead of normally slaughtered ones [10]. It was also successfully
applied when discriminating between three different studied legumes in
order to fight against food fraud [26]. PCA has also been used as exploratory
tool previous to supervised analysis for gaining an in-depth understanding of
the inherent differences among samples. In this line, PCA was able to suggest
that metabolomic changes during milk fermentation by L. helveticus H9 were
more obvious at the fermentation phases (0—8 h), as PCA scores of earlier
time points scattered away from those of the later time points (beyond 10 h)
and this information was useful for further supervised analysis [92].

Unsupervised hierarchical cluster analysis (HCA), with a heatmap plot,
can be used also as exploratory method to observe clusters, analyse and
visualize the metabolome differences and/or to confirm the classification
performed by PCA [26,56,78]. As an example, HCA could distinguish 5 main
groups of metabolites among the 282 serum metabolites after the intake of
milk and yogurt; 236 metabolites increased postprandially and 46 features
decreased postprandially [72].

Supervised techniques can be very helpful for highlighting
sample/group differences when PCA results are masked by high levels of
spectral noise, strong batch effects, or high within group variation among
other reasons. Partial least squares-discriminant analysis (PLS-DA) is a
supervised method that uses multiple linear regression to find the direction
of maximum covariance between a data set and class labels. PLS-DA
highlights the separation between groups of observations and identifies
variables that have most of the class separating information. As an example,
the clustering of malt and blended whiskies previously observed in PCA was
subsequently highlighted by the PLS-DA indicating that highly significant
differences exist among the two Scotch Whisky categories [33]. A variant of
PLS-DA is orthogonal partial least squares-discriminant analysis (OPLS-DA),
where the variation in the data is divided in between-classes and within-
classes (predictive and non-predictive) that are forced to be described, by the
first and second OPLS-DA component. Although it does not alter the
performance of the classification model of a PLS-DA, it has an easier

interpretation [96]. As an example, OPLS-DA was used to develop a model
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enable to differentiate between no red meat intake and high red meat intake,

in serum samples [15].

However, there is no guarantee that the main variation extracted by the
PCA is reflecting the hypothesis put forward. PCA analysis failed to separate
samples based on the production system but highlighted the potential effect
of the production year on a carrot metabolome study (Fig. 2A). The data was
then subjected to OPLS-DA and the model was refined (Fig. 2B). Variables
that contributed to the classification of samples based on production year
were investigated and removed from the datasets. This was crucial to improve
predictive ability, specificity and sensitivity values of the models [28].

Different methods exist to perform the selection of markers. From the
PCA it can be done using loading plot, the backbone of the PCA model. From
the loading plot of PCA it was possible to find out which metabolites mainly
contribute to the separation of licorice samples from three different origins
and species [78]. From PLS-DA, Variable Influence on the Projection (VIP)
values > 1-2 generally represent those metabolites carrying the most relevant
information for class discrimination. From the OPLS-DA, a combination of
VIP and p(corr) derived from the S-plot, is a good strategy to identify
metabolites with the highest influence on the group separation. VIP >1.0 and
p(corr) > 0.5 cut-off allowed the selection of most relevant metabolites
detected in liver of Wistar rats for the separation of the high-cholesterol (HC)
and high-cholesterol enriched with onion (HCO) feeding groups [90]. There
are still few studies that only use univariate analysis for discrimination where
a wide number of different tests can be found [10]. However, a combination
of outputs coming from univariate and multivariate analysis is the most
satisfactory and complete strategy for selection of markers [29,97].
Regarding univariate analysis normally used, they can be divided among pair
tests (one-way ANOVA, Student's t-test, etc) and non-pair tests (Kruskal-
Wallis, the Mann-Whitney U test, Welch t-test, etc) depending on the
normality of the data [29,36,57,79]. These tests should be followed by a False
Discovery Rate calculation p-FDR < 0.05 (q value set at 0.01) normally
applying Benjamini-Hochberg procedure to rectify p-values in order to

correct for multiple hypothesis testing and reduce the false positives than are
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susceptible to occurred when the number of variables largely exceeds de
number of objects [36,47,91].
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Fig. 2. Figure constructed from Cubero-Leon et al. [28]. (A) PCA score plot where the
first and the second principal components (t1 and t2) are shown. Each harvested year is
represented with a different symbol. In picture legend 1: year 2005; 2: year 2006; 3:
year 2007; 4: year 2008. (B) Score plot of OPLS-DA of model 10. The first predictive
component (t1) and the first orthogonal component (tol) are shown. R2Y: explained
variation. Ellipse Hotelling's T2 (95 %). Organic samples (filled circles), conventional
samples (filled squares).
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As an example, combination of VIP>1, p(corr)=0.5, with fold-
change>1.5 and p-value <0.05 (one-way ANOVA) was used for biomarkers
selection of discriminant macrophages metabolites between control and
high-dose group of Panax ginseng group [97]. Two-way ANOVA analysis is a
potent approach that can be added to discover the metabolites affected by two
factors. As an example, the level of Lonicerae Japonicae Flos and the
administration days (time) were the two factors that affected the metabolism
of the rat [74].

The quality of the models is generally evaluated by the goodness-of-fit
parameter (R2X), the proportion of the variance of the response variable that
is explained by the model (R2Y) and the predictive ability parameter Q2.
R2X, R2Y and Q2 values close to 1 indicate an excellent model, and thus
values higher than 0.5 indicate good quality of PLS-DA and OPLS-DA models.
However, it is remarkable that, contrary to PCA, these supervised methods
tend to overfit models and can generate excellent class separation even with
random data. For this reason, results of these types of tests should be
critically checked and properly cross-validated using procedures in which
some of the samples are left out and their classification have to be predicted.
In order to test for possible overfitting and to confirm that Q2 values are
stable and relevant, permutation tests are used. As an example, 7-fold full
cross-validation and permutation test on the responses (500 random
permutations) were performed, in order to avoid over-fitting and prove the
robustness of the obtained models [81]. Some authors works claim that
findings need to be further verified using a higher number of samples, other
statistical tools and/or other analytical tools [56]. Apart from the
classification rates obtained by internal cross-validation (automatically
performed by software like SIMCA P+), external validations using samples
that had not been used for the construction of the models is not such a
frequent practise but definitely adds value to the developed model [25,28].
Sales et al. even performed a reduction of variables until 15 to create and
validate a model that could be used as starting point for classification of
future olive oil samples by quality following a simpler targeted analysis [11].
Chatterjee et al. developed an LC-MS/MS assay with the set of 34 markers

identified for rapid authentication of shrimps species and it was tested with
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unknown shrimp samples from the market [25]. In the field of biomarkers of
food intake (BFI), an independent separate controlled, single-blinded, cross-
over meal study was carried out to validate the candidate biomarkers of meat
intake identified in a previous study resulting in a set of six better validated
candidate markers that were further used to predict beef intake [16].

Another important aspect of the validation of biomarkers is the
biological plausibility of such identified makers. Additionally, in the field of
BFIs, examination of dose-response has become an essential prerequisite to
demonstrate the use of biomarkers in dietary assessment for further
applications in nutritional epidemiology. Subsequent confirmation and
validation of biomarkers in intervention, independent studies, other cohorts,
less-controlled, also adds evidence to the output [16,36,54].

7. (Bio)markers identification

Structural characterization and elucidation of potential markers
highlighted in the statistical data analysis is commonly a challenge in
metabolomics and can become the bottleneck of the overall metabolomics
process. In HRMS, accurate mass measurement is the gold-standard for
identification procedure and it is essential for facing this process. Q-TOF and
OT-based HRMS analysers are more and more popular because of their high
specificity, high resolution and low exact mass deviation [57]. The current
methods and tools available for annotation of metabolites in untargeted
metabolomics studies applying LC-MS platforms have been recently reviewed
[98].

Chemical Analysis Working Group, within Metabolomics Standards
Initiative (MSI), proposed four levels of confidence in metabolite
identification: Level I is for identified/confirmed compounds, when their
identity is validated using authentic standards and subsequent MS analysis;
Level II is for putatively annotated compounds (e.g. without chemical
reference standards, based upon physicochemical properties and/or spectral
similarity with public/commercial spectral libraries)); Level III is for
putatively characterised compound classes (e.g. based upon characteristic
physicochemical properties of a chemical class of compounds, or by spectral

similarity to known compounds of a chemical class); Level IV is for unknown
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compounds —although unidentified or unclassified, these metabolites can
still be differentiated and quantified based upon spectral data [99]. More
recently Schymanski et al. have reported a similar system but including five-
levels of confidence [100]. It has been updated including ion mobility

separation as an additional parameter for more reliable identifications [101].

The first step in the identification workflow is to recognise the
(quasi)-molecular ion in the accurate mass spectrum (typically, protonated
or deprotonated molecule in LC-MS), where the presence of adducts must be
also taken into account. Some tools, like CAMERA for XCMS or Progenesis
QI, allow componentization, which means that different signals from the
same metabolite are grouped together offering greater confidence to the
annotation. Then, the most likely elemental composition is calculated
according to the mass error and isotope pattern. After that, fragment ion
information based on MS/MS or DIA experiments is used to establish the
fragmentation pathways and discard possible chemical structures. To this
aim, the use of offline/online and commercially/freely/in-house available
spectral databases, are of great help [102]. The most used databases in the
reviewed literature are: METLIN repository database
(https://metlin.scripps.edu), Human Metabolome Database (HMDB)
(http://www.hmdb.ca), Kyoto Encyclopedia of Genes and Genomes
(https://www.genome.jp/kegg/), FooDB (http://foodb.ca), Chemspider
(http://www.chemspider.com/), PubChem Compound database, LIPID
Metabolites and Pathways Strategy LIPID MAPS
(https://wwuw.lipidmaps.org/), Chemical Entities of Biological Interest
(ChEBI), SIRIUS, CSI:Finger ID. In-silico fragmentation tools are also useful
in this process, emphasizing MetFrag (https://msbi.ipb-halle.de/MetFrag/),
MetFusion, MassBank (http://www.massbank jp), FooDB
(http://foodb.ca) and Competitive Fragmentation Modelling for metabolite
identification (CFM-ID) (http://cfmid.wishartlab.com/), among others.

Several software programs are available to automatize and simplify this
challenging process: Progenesis QI, Compound Discoverer, MS-DIAL, CSI:
FingerID, and MyCompoundID. However, the expertise and knowledge of the
analyst on mass spectrometry and fragmentation rules is crucial to avoid false

identifications. The injection of a reference standard, if commercially
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available, is the last step to assure the identity of the marker. When not
available, the synthesis of the candidate compound may be required for full
confirmation of the identity. Once the markers are identified, quantitative
methods using standard substances can be developed to confirm that the
specific markers do accurately reflect the differences between the classes. As
an example of this identification workflow, chlorogenic acid was highlighted
as potential biomarker for Colombian coffees discrimination [48] according
with the annotation performed after comparison with Metlin. Additional
MS/MS experiments allowed the fragmentation evaluation for structure

confirmation with the aid of in silico tools like Mefrag (Fig. 3).

The availability of NIST library is a clear advantage for marker
identification in metabolomics studies based on GC-EI-MS analysis.
Although this library works mainly in nominal mass, a first step in the
identification of metabolites is possible. It can be supported by the isotopic
pattern, exact mass for parent ion (if exists) and fragments, and Kovats
retention index. Soft ionization sources as positive chemical ionization (PCI)
or atmospheric pressure chemical ionization (APCI) enable obtaining highly
diagnostic molecular ions and/or protonated molecules of compounds which
are extensively fragmented under EI conditions [11,33]. Compound
identification by GC-MS can also be complemented using FiehnLib library
and the Golm Metabolome Database.

Unfortunately, despite the efforts invested in biomarker identification,
this final goal is not always achieved. However, the minimal requirements of
reporting for unknown metabolites (retention time, prominent ion and
fragment ion) can still be fulfilled [99]. This was the case of the study by
Chatterjee et al., in which some markers only yielded one fragment ion, thus
decreasing the reliability of the identification [25].
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8. Applications

In this section, we outline a selection of untargeted metabolomic
studies that made use of L.C and/or GC coupled to HRMS in the field of food
processing, including authenticity, quality and safety [4,103]; the discovery
of biomarkers of food intake [[104], [105], [106]]; and assessment of effects
of food and diet on health [[107], [108], [109]].

8.1. Food processing

The growing demands by our society, authorities and scientists to
advance knowledge about the food consumed has led to the development of
robust analytical methodologies to improve the quality and safety of food
products and prevent food frauds. Several applications have been developed
in the last years related to food authenticity. Some works were directed
towards the identification of markers for characterization of food samples by
its geographical origin in honey [57], garlic [14] or Adzuki Bean [30]; and for
authentication of Protected Designation of Origin (PDO) of Grana Padano
cheeses [56] and Colombian coffees [48]. Moreover, patterns of different
agricultural practises were assessed in carrots [28], different varieties of
legumes [26], potato [110], Vaccinium fruits [94] and almonds [111], as well

as different species identity, geographical origin and production method of

commercially prawn and shrimps [25]. The characterization of food products
by untargeted approach was also determinant to prevent fraudulent practises,
such as the production of adulterated fruit juices in citrus [89], the
production of counterfeited Scotch Whisky [33], and dead on arrival instead
of the typical slathered poultry meat [10]. The characterization of organic
culture practises against traditional cropping systems in wheat grains [23]

has been also evaluated.

The characteristics of food appreciated by customers, including
appearance, texture, flavour, aroma and nutritional composition, are also
crucial in food quality, and are often dependent on subtle changes in the
food's metabolome [4]. Regarding the appearance of food, it was established
a relation between the colour of sea buckthorn and its chemical properties,
having the red ones a better quality [13]. In other experience, the aim was to

discover biomarkers related to the taste of food as it was the case with quality
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assessment of green tea [12] and olive oil [11]. Another important factor of
food quality is to find markers related to storage time since the food quality
worsens. Thus, significant differences in the metabolites composition of
chilled chicken meat were found in accordance with conservation period [24].

Regarding food safety, there is a demand of robust markers for
prevention of bad practises and possible errors in the food supply chain [4].
In this line, new markers of egg ageing were found by an untargeted metabolic
approach [83]. Regarding bad agricultural practises, a strategy was developed
to discriminate green tea samples in concerning their contamination levels
[75]. To ensure food safety and quality, it is important food traceability,
which means continuous monitoring of the foods products through the entire
supply chain, enabling the correction of mistakes. The role of HRMS-
untargeted metabolomics in this context is the identification of
characteristics markers of each stage of the process. In this way,
metabolomics was found a powerful tool to identify different patterns
between fresh tiger nut milk and milk processed by ultra-high temperature
treatment [91]. It was also employed for the investigation of potential
markers of three different species of licore plants (Glycyrrhiza species),

which are sweetening and flavouring agents in food and beer industries [78].
8.2. Food intake

A significant challenge in nutritional research is the measurement of
dietary intake, which must be both accurate and applied to large numbers of
people [112]. Traditionally, FFQ, 24-h recall or other dietary assessment
tools, have been the standard tools for dietary assessment. Unfortunately,
these approaches are subjected to errors such as underreporting, recall errors
and difficulty in assessment of portion sizes, which generate biased and
inaccurate results and associations. The scenery in nutritional epidemiology
changed with the emergence of high-throughput metabolomics techniques
enabling the discovery of novel biomarkers of food intake (BFIs) that
represent objective measures of dietary and specific food intake.

In the literature, several examples can be found on intervention studies
that employ untargeted chromatography coupled to HRMS-based
metabolomics for the discovery of food-derived metabolites in banana [55],
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pea [54], fermented dairy products [72], different varieties of tomatoes [79]
and tomato juice [77]. Biomarkers related to coffee consumption habits in
various European countries were researched in a cross-sectional study within
the European Prospective Investigation on Cancer and Nutrition (EPIC)
[113]. In another observational study within the Singapore Prospective Study
Program (SP2), patterns of meat and seafood consumption were assessed
based on plasma metabolic profiles [19]. Regarding meat consumption, a
great interest exists in finding indicators of red and processed meat intake
since its consumption is associated with the development of chronic diseases
[15,16,20,36].

The identification of biomarkers related to the intake of supplements
suspected of having a benefit for human health is also another field of recent
research. Several interventional studies with different bioactive foods and
supplements have been performed: bioactive garlic [38], kiwi wine [27],
beetroot juice [61], angelica keiskei [60], green coffee bean extract (GCBE)
[81] and amalaki rasayana [39]. The metabolic patterns related with food
enriched with some bioactive compound have been also investigated, as for
example, flavan-3-ol-enriched dark chocolate, compared with standard dark
chocolate and white chocolate [17] and apple juice enriched with four groups

of polyphenols [37].

A better understanding of the relation between dietary patterns and
metabolic profiles is crucial for improving the recommendations of health
authorities about what diet is better for a better quality of life. New Nordic
diet (NDD), which was designed to be balanced and healthy, was compared
to average Danish diet (ADD) in a long intervention study, identifying
potential metabolic patterns that indicate potential health benefits of the
NDD [114]. On the other hand, a detailed dietary assessed method was
employed in the Supplémentation en Vitamines et Minéraux AntioXidants
(SU.VI.MAX) cohort with the aim of performing a cross-sectional study and
look at the difference in the plasma metabolic profiles according to their
adherence to the French dietary recommendations [18].

As supported by several studies, HRMS-based untargeted
metabolomics is a powerful approach in the discovery of new BFIs. Per

definition, metabolomics fingerprinting is a data-driven approach, what
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means that a new hypothesis is forged from the biomarkers discovered.
Therefore, all BFIs discovered by untargeted approach are tagged as
“putative” since its necessary a proper validation process to confirm the
association of robust BFIs to a specific food or diet. BFIs discovered in
intervention studies used to be confirmed by the use of independent cohort
studies (cross-sectional), as for example, Karlsruhe Metabolomics and
Nutrition (KarMeN) [55] and EPIC study cohorts [20,36]. Other strategies
include the use of dose-response for validation and independent study for
confirmation [54]. In the case of potential BFIs identified only in cohort
studies, these do not assess a correlation with the food consumed but rather
an association and should be confirmed with an interventional study to
validate them [112]. Nevertheless, as there is not an established standard
methodology for validation of BFIs, L.O. Dragsted et al. proposed validation

criteria based on analytical and biological aspects [115].
8.3. Food and health effects

Since metabolomics can provide a complete picture of the general
dietary intake and reflect the current biological status of an individual,
another goal of untargeted metabolomics in the nutrition field is to study the
complex relationships between nutritional exposure and the positives or
negatives effects on health/disease state [105,116]. The information obtained
not only allows an accurate monitoring of a diet and lifestyle but may also
help to design strategies to manipulate the physiological state with the
ultimate goal to improve the individual health thought personalised dietary
interventions [108,109].

Untargeted metabolomics approaches based on chromatography-
HRMS have been applied to determine how a whole diet can affect the health
state and to identify the molecular mechanism involved [41]. To this aim,
both interventional, with human or mice/rat models, and observational
studies have been carried out. The objective was to determine the changes
occurred in the metabolism under a specific diet [66] or the differences
obtained between 5 diets in different mice tissues [117]. Showalter et al.
performed a multiplatform untargeted metabolomics study [49], finding
significant metabolic alterations that suggest that the physiology of lungs can

be altered by obesity. In other studies, the goal was to determine the
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relationship between the diet and a specific disease. For example, the use of
multifunctional diet in order to reduce cardiometabolic risk factors [47], the
adherence to a healthy Nordic diet of a Swedish prospective cohort and the
risk of future type 2 diabetes [65]; the potential of ketogenic diet as an
auxiliary cancer therapy with tumour Xenograft mouse models [46]; and the
correlation of diet with microbiota and metabolism of inflammatory bowel
disease human patients [118]. Given the diversity and complexity of diet
constituents, some studies were focused on one diet constituent and the
effects on health, as fish or coffee intake and type 2 diabetes risk [119,120];
or the health detriment due to the consumption of heated soybean oil [121]
or sweetened beverages [73].

There is a growing interest in nutraceuticals or diet supplements,
especially in the so called ‘functional foods’, food products to which a health
benefit is attributed (naturally or artificially added) besides its own
nutritional contribution [122,123]. Nevertheless, a wide variety of food
products are potentially beneficial for health and it might be difficult to
determine if they can be classified as ‘functional’. For this reason, a notable
number of untargeted metabolomic approaches have been performed to
determine the impact on health or disease of specific products considered as
functional foods: ginseng [82,97], herbal traditional medicines
[59,74],wholegrain rye bread [80], walnuts [85], lettuce [58] and onion [90].
The controlled trial study of fish oil supplementation during pregnancy,
ended in the detection of several altered metabolic pathways significantly
associated with a reduced risk of asthma by age 5 [124]. Likewise, the effects
of diets supplements were assessed, as selenium impact on metabolic
disorders [93] or the use of xenoestrogens in combination with cancer
therapy [76].

Moreover, it is important the characterization of food products for their
validation as functional food and in order to enhance their potential. An
untargeted lipidomic approach was applied for the discovery of potentially
high valuable polar lipids of Porphyra dioica, algae commonly used for sushi
preparation [63]. HRMS-based metabolomics was also used to study the
process of probiotic food product process as the dynamics of skim milk
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fermentation by L. helveticus H9 strain [92] and the distinction between the
biofilm and planktonic state B. bifidum strain [29].

It is worth noticing that the term functional food is usually applied to
food products that have naturally or artificially substances known for their
benefits on health, such as essential fatty acids, flavonoids, vitamins,
polyphenols, etc. [122]. For this reason, determining whether a food is a
functional product is often carried out through target analysis of the
compounds that are known to have a beneficial effect. There is abundant
bibliography available on targeted metabolomics in this field, which however
does not fall within the scope of this review. It should be noted that target and
untargeted metabolomics approaches can be combined, as for example to
study the effects of white-blue light and dark in growth of cacao cell
suspensions [86].

9. Future prospects and conclusions

The use of MS-based approaches for untargeted metabolomics for
investigation of food (bio)markers is still far from reaching its maximum
potential. HRMS will surely be dominant in the near future, and the
continuous improvements in instrumentation will be translated to enhanced
capabilities of the developed strategies. For example, to maximize the
metabolome coverage, it is necessary to acquire MS data in complementary
chromatographic and ionization modes, but also MS/MS data, which can be
acquired under DDA and/or DIA modes with sequential mass windows (e.g.,
SWATH, SONAR).

Regarding DDA, however, the metabolite coverage is not usually
enough, and many features may lack MS/MS data. Technological evolution
has allowed improvements in this acquisition mode and increasing the
acquisition speed, which together with new software developments make
possible to perform automated and iterative DDA in the newest instruments
[125]. This strategy automates iterative exclusion and inclusion lists to
reduce the fragmentation of redundant features coming from the background
and allows performing exhaustive precursor selection obtaining more
relevant MS? spectra. Such lists are automatically imported into the DDA

method before the first ddMS? acquisition of the sample and are updated
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prior the next ddMS? run, bypassing precursors already fragmented to the
exclusion list. MS? spectra are acquired for compounds remaining on the
inclusion list. This approach enables to cover a wider range of compounds
(including the lower-abundance ones) that were lost by the traditional DDA
methods. However, in order to not increase significantly the acquisition time,
such strategy is only applied to the QC samples, as it requires multiple
reinjection until reaching the complete coverage of the compounds. In this
way, the samples are acquired in FS mode, and the iterative DDA is only
applied to a reduced number of QC samples for future compound

characterization.

In relation to DIA, the incorporation of ion mobility spectrometry
(IMS) to HRMS has allowed a new DIA mode. An example is High Definition
MSE (HDMSE). As occurs in conventional MSE, two functions are acquired at
low and high collision energy, but after ion mobility separation. In this way,
the precursor and the product ions are recorded with the same drift time
(translated into CCS, A2). This opens the possibility to filter the fragmentation
spectra (obtained from all the ions fragmented in the scan cycle) by the drift
time of a target ion and to obtain cleaner spectra without interfering
fragments of co-eluting ions. Thus, the visualization of only the products ions
from a specific precursor is feasible, enhancing the purity of the MS?
spectrum with the inherent benefits of DIA acquisitions regarding available
MS/MS data for all future biomarkers. The potential of this technique has
been recently evaluated for orange dietary biomarkers discovery [64] and
implemented for comparison of different polar lipids extraction methods to
be used in evaluation of botanical origin, with potatoes as a case of study
[110]. In both studies, data processing was performed using Progenesis QI
(Waters), a unique software, able of performing the processing of 4D data
obtained with xC-IMS-HRMS instruments.

In terms of ionization techniques, the recent atmospheric pressure CI
source (APCI) is an attractive alternative to EI in GC-HRMS analysis. APCI
enables a soft ionization ensuring the preservation of the (pseudo)-molecular
ion, which is of great interest when the molecular ion is absent from the highly
fragmented EI spectrum, which would imply a reduction in the selectivity and

sensitivity. As APCI works under atmospheric pressure, the same mass
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analyser can be shared by both L.C and GC instruments, since the vacuum
does not need to be broken as occurs with EI and CI sources [126]. However,
due to the novelty of this technique, there is a lack of spectral databases under
this ionization source in comparison with EI. Only two articles using GC-
APCI-HRMS have been found, both related to olive oil. Sales et al. studied the
volatile composition of olive oil to develop a classification model for quality
assessment [11], and Olmo-Garcia et al. applied this technique for olive oil

origin discrimination [50].

All in all, the combination of gas and liquid chromatography with high-
resolution mass spectrometry, together with technological advances in
instrumentation, both in chromatography (e.g. new stationary phases, format
and particle size) and HRMS (e.g. resolution power, acquisition speed, MS2
acquisition modes) have been crucial to explain the impulse of untargeted
metabolomics in the last few years. In particular, this approach has driven the
expansion of knowledge on food processing, intake and the effects of food in
health. The hyphenation of modern chromatography and HRMS allows a
highly efficient separation combined with the acquisition of sensitive and
high-quality structural compound information, facilitating the detection and
identification of metabolites in complex biological samples, such as food
matrices or biofluids. For this reason, this hyphenation has become one of the
most used techniques in untargeted metabolomics studies in the field of food
and nutrition. The implementation of chromatography-HRMS techniques,
together with correct study designs and appropriate sample treatments, as
well as the use of upgraded data treatment programs and powerful statistical
tools, has notably enhanced the capabilities of untargeted metabolomics in
the food field.

The increasing demand for more exhaustive control over food
processing, in terms of authenticity, quality and safety, can be met,
addressing needs such as the characterization of food products by
geographical origin or production method, and the detection of adulteration
or bad practises. Regarding nutrition, the application of untargeted
metabolomics using chromatography-HRMS has revealed potential
biomarkers related to the intake of food products and diets. Moreover, this

approach can help to understand the complex relationships between
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nutritional exposure and physiological state, by the study of the effects of diet,
or potentially beneficial food products, on the metabolism, as well as to
evaluate the benefits to health.
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2.1 Introduction

Modern food industry have to face many new challenges every day
related to the demand of safety control, quality assesment and traceability of
food products from consumers, and consequently from the authorities. In
response, both academia and food industries have implement many powerful
analytical strategies for the determination of biomarkers of food origin and
authenticity to guarantee the confidence and well-being of consumers; and
for the early warning of food safety issues that may jeopardize consumers’
health.

Some of these problems have been traditionally addressed in a targeted
way, such as the quantification or screening of potentially dangerous
compounds, like environmental pollutants, pesticides residues, veterinary
drugs, toxicants, allergens among others (Castro-Puyana et al., 2017). The
regulations that established around these compounds and their
concentration limits in food are constantly updated, evolving along with

science and new discoveries.

However, untargeted metabolomics is a rising approach in the different
areas related to food processing (Jacobs et al., 2021). Due to the high diversity
of samples matrices (foods) and variety of parameters for the assessment of
quality, traceability and safety, the global screening approximation of
untargeted metabolomics is gaining interest, especially its combination with

chromatographic techniques coupled to mass spectrometry for the analysis.

Untargeted metabolomics has been applied to assess food quality
related parameters as food composition (Lozano-Castellon et al., 2021),
aroma (Nyarukowa et al., 2021) and taste (Li et al., 2021). These parameters
have a huge variation from a product to another, they are not completely
objectives and they are dependent on multiple considerations about the
product itself and even the consumer preferences. These evaluations grant
higher value in the market, hence the interest in ensuring the quality of food
products. Untargeted metabolomics has also been appplied to determine
other parameters highly related with food quality as phytochemical
composition with benefical effects on healt of fresh fruit juices in comparison
to pasterurised ones (Wang & Xu, 2022); the selection of post-harvest
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processing (Qiu et al., 2021); or the effects of hens dietary supplemetation
onto the eggs (Giannenas et al., 2021).

Some of the considerations to qualify a product are interrelated with
the origin designation (i.e. considerating a variety from one place better than
others), authenticity (being a product more valuated than another) and
obviously the safety. Rivera-Pérez et al found origin discriminant markers of
black pepper (Rivera-Pérez et al., 2021). Brigante et al. compared the
fingerprint of chia, flax and sesame seeds for the autetification of bakery
products with the added value of these ingredients, known for their
nutritional value (Brigante et al., 2022). The impact on quality and safety
about effectiveness conservation of packaging for pre-cooked chicken filets
was evaluated by Rangel-Huerta et al (Rangel-Huerta et al., 2022).

In the study included in this chapter, untargeted metabolomics applied
to the volatile composition (untargeted volatolomics) from different smoked
fishery products allowed the building of a classification model to differentiate
between smoking processes (Scientific Article II). The model developed
aims to differentiate between fish products with different degrees of smoking
by the cold smoke procedure, versus treatments with carbon monoxide (CO)
and filtered wood smoke. This model is not only relevant in terms of
authenticity of cold smoked fish products, but also it has relevance in term of
safety as CO and filtered wood are not permitted in the European Union to be

considered risky.
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Highlights

e Volatolomic-based approach as powerful methodology for smoked
products classification.

e Dynamic headspace-GC/MS is an efficient procedure for volatile
compound analysis.

e Volatile profile enabled the correct classification of more than 90 % of the

samples.
Abstract

With the increase of the demand of low flavouring smoked seafood
products, there is a need of methodologies able to distinguish between different
seafood treatments, as not all of them are allowed in all markers. Following this
objective, in the present work an untargeted volatolomics approach was applied
to identify volatile markers that demonstrate that Cold smoked products can be
distinguished from Tasteless smoke neither Carbon monoxide treated seafood,
which are prohibited in the European Union. The use of dynamic headspace for
the volatile extraction followed by thermal desorption in combination with Gas
Chromatography (GC) coupled to single quadrupole Mass Spectrometry (MS) has
been employed for the determination of volatile composition of smoked fish. Data
processing consisted on the use of PARADISe software, applied for GC/MS data
treatment, followed by the multivariate analysis with PLS_Toolbox (MATLAB),
and finally the creation and validation of statistical classification model. All 107
variables obtained allowed the construction of a model reaching the correct
classification of 97 % of the blind samples, while a simplified model with only 11
variables correctly classified up to 93 % of the blind samples. These 11
compounds were elucidated to develop subsequent target volatolomics
approaches, if needed. Ordered according to the importance in the classification
model, the elucidated compounds were: 3-methyl-cyclopentanone, ethylbenzene,
2-methyl-2-cyclopenten-1-one, 2-methyl-benzofuran, furfuryl alcohol, 2-
acetylfuran, acetophenone, guaiacol, 1-hydroxy-2-butanone, 4-vinylguaiacol and
acetoin. The results demonstrated the great potential of untargeted volatolomics
for smoked seafood treatments classification.

Keywords
Dynamic headspace; Smoked fish; GC/MS; PARAFAC; Volatolomics
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1. Introduction

The smoking treatment of food products has been applied for food
preservation since ancient times. This technique allows the preservation of
fish by drying and by adding naturally produced microbistatic constituents
from the wood smoke. Nowadays, the smoking techniques have been evolving
and the aim of smoking, in addition to preservation, is to develop particular
flavour, colour and texture characteristics derived from the burned wood that
is used in the process (Varlet, Serot, & Prost, 2009). To this aim, different
parameters, such as the type of wood and time of exposure to smoke, among
others, have to be optimised by the industry to obtain a certain type of flavour,
flavour intensity and product quality (Jonsdéttir, Olafsdéttir, Chanie, &
Haugen, 2008).

Alternative processes have emerged, such as the treatment with carbon
monoxide (CO) or filtered wood smoke (tasteless smoke (TS), clear smoke...).
These techniques are based on the use of CO as colour-stabilizer, maintaining
and enhancing the red colour associated with a fresh aspect of the fish flesh,
particularly in tuna, and delaying the browning that usually appears with
product aging (Barstad et al., 2006, Bartolucci et al., 2010, Gokoglu, 2020).
Nevertheless, filtered wood smoke and CO-treatments of fish are not
permitted in the European Union; moreover, CO is excluded from the list of
allowed food additives (Regulation (EC) No 1333/2008). This measure was
taken because consumers could be confused about the freshness of the
product (Directive 91/493/EEC). In the case of histidine-rich fishes, the
fraudulent use of these treatments may increase the risk of histamine
intoxication (Bartolucci et al., 2010, Dalgaard et al., 2008).

The increase in the fish demanded for preparation of sushi in EU has
favoured new cold smoking treatments and the application of different
degrees of smoking to get different flavours levels. However, because of the
faint organoleptic properties of some of them, they can be mistaken by CO or

TS smoked products and therefore be rejected at European customs.

The chemicals responsible for the sensory attributes of smoked fish
products are mainly volatile organic compounds (VOCs), such as phenols,

furan-like compounds, aldehydes or ketones, among others (Varlet et al.,
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2009). Accordingly, the analysis of the smoked chemical profile is commonly
made by gas chromatography (GC), which in combination with mass
spectrometry (GC/MS) allows a sensitive determination with great
identification capability able to detect and identify the volatile compounds

that characterize the flavour of studied samples.

The extraction technique is a matter of concern, as this step is essential
to obtain reliable data and full characterization of the volatile profile.
Automatable direct headspace injection (HS) based techniques are
commonly used as it implies low sample manipulation, simple, cheap and fast
option. Although it suffers from low sensitivity for some compounds present
at low concentrations in the vapour phase and the analysis parameters should
be carefully optimized to get reproducible results (Soria, Garcia-Sarrio, Ruiz-
Matute, & Sanz, 2017). Headspace-solid phase microextraction (HS-SPME)
has been already used for VOCs analysis of smoked food products (Marusic¢
Radov¢ic et al., 2016, Saldaiia et al., 2019, Vidal et al., 2017) with a good pre-
concentration factor and solventless. In contrast, the adsorption capability is
highly dependent on sample matrix and the coating of the fibre (Plotka-
Wasylka, Szczepanska, Owczarek, & Namie$nik, 2017). On the contrary,
dynamic HS with sorbent trapping (DHS-P&T) captures the VOCs present in
the sample on a solid sorbent with the aid of an inert gas flow for continuous
extraction. DHS-P&T allows to increase the volatiles recovery, pre-
concentrating most of them and therefore enhancing the sensitivity, with
good efficiency and low sample manipulation (Soria et al., 2017, Thomsen et
al., 2016). Analytes are transferred to the GC system via thermal desorption
and then cryo-focused into the GC injector, which leads to an additional
increase of the sensitivity due to the complete transfer of the extracted
analytes. This technique has been successfully applied to analyse VOCs in
food matrices including smoked food (Dirinck et al., 1977, Fredes et al., 2016,
Huanget al., 2019, Sales et al., 2019; Soria et al., 2008, Thomsen et al., 2016).

The determination of the volatile profile has been widely applied for
food characterization (Beaulieu and Lea, 2006, Ben Brahim et al., 2018,
Jonsdottir et al., 2008, Sérot et al., 2004). Commonly, a targeted approach is
used (i.e. focusing the (quantitative) analysis on a limited list of target

compounds), which can provide biased information because the compounds
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of interest have to be pre-selected and it provides incomplete information on
the samples composition. Oppositely to target approaches, the non-targeted
metabolomics have great potential in the volatile fingerprinting
determination. The metabolomic fingerprinting is defined as “the unbiased,
global screening approach to classify samples based on metabolite patterns
or “fingerprints” that change in response to disease, environmental or
genetic perturbations with the ultimate goal to identify discriminating
metabolites” (Dettmer, Aronov, & Hammock, 2007). When the object of
study is the highly and semi volatile fraction of molecules, it is called
volatolomics. This approach was firstly implemented in the health area
(Bouhlel et al., 2017, Broza et al., 2015), but it is gaining relevance in food
related areas, such as food quality control or food authenticity (Abou-el-
karam et al.,, 2017, Sales et al., 2019). In untargeted volatolomics, the
chromatographic analysis must be robust, with adequate peak resolution, and
good retention time and peak shape reproducibility. To obtain overall
information from the analytes present in samples, and to identify those that
might be useful markers for metabolomics, the MS acquisition must be

performed in full scan mode (Garcia & Barbas, 2011).

Data processing is of special relevance in non-targeted
metabolomics/volatolomics, as reflected in the amount of papers and
software reported on metabolomics studies. Some of these software are
MzMine (Sales et al., 2017), XCMS (Gil-Solsona et al., 2016), MetAlign
(Tomita, Nakamura, & Okada, 2018) or ADMIS (Dudzik et al., 2017) among
others. Using these software tools the main objective is to detect the
thousands of signals through the chromatogram and obtaining
chromatographic peaks at different m/z. The peak picking and deconvolution
allow to detect relevant m/z values associated with a specific retention time,
i.e. with a specific component, with a minimum area or intensity. When all
samples have been submitted to peak picking, a retention time alignment is
performed to match the peaks across the samples (Dudzik, Barbas-
Bernardos, Garcia, & Barbas, 2018).

PARAllel FACtor Analysis2 (PARAFAC2) (Johnsen, Amigo, Skov, &
Bro, 2014) based Deconvolution and Identification System (PARADISe)
(Johnsen, Skou, Khakimov, & Bro, 2017) have appeared recently as new and
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innovative application for GC-EI-MS data processing. Differently to other
tools, such as XCMS or MzMine, PARADISe performs automatic tentative
peak identification based on deconvoluted EI mass spectra in combination
with the NIST library. Therefore, it reduces the data matrix as well as the time

consumed in statistical analysis and elucidation steps.

In the present study, a volatolomics approach based on GC/MS analysis
has been applied to develop a classification model to differentiate between
fish product samples (tuna and swordfish) that were submitted to different
smoking processes, with modifications in the type of treatment and its
intensity. An untargeted volatolomics approach has been applied in this work,
contrarily to the works reported until now on VOCs in smoked fish that were

based on targeted strategies.
2. Materials and methods
2.1. Chemicals and reagents

Internal standard toluene-D8 (=99 %) was purchased from Sigma
Aldrich (Madrid, Spain). Hexane (trace Analysis quality (AT) GC) was
provided by Scharlau (Barcelona, Spain). External standards of volatile
compounds, supplied by Supelco (Sigma-Aldrich and Fluka; Barcelona,
Spain) as pure compound (92 — 99.5 %) were applied for signal deviation
correction purposes and identity confirmation: Toluene, hexanal, butyl
acetate, trans-2-hexen-1-al, benzaldehyde, 3-carene, -cyclocitral, eugenol,
B-ionone, 2-isobutylthiazole, (Z)-2-heptenal, a-terpineol, ethylbenzene,
(+/-)-3-methylcyclopentanone, acetoin (3-hydroxy-2-butanone) , 1-
hydroxy-2-butanone, 2-furyl methyl ketone (2-acetylfuran), 2-
methylbenzofuran, furfuryl alcohol (2-furanmethanol), 2-methyl-2-
cyclopenten-1-one, acetophenone, 2-methoxy-phenol (guaiacol) and 2-
methoxy-4-vinylphenol (4-vinyl guaiacol). Tenax® TA TDU glass thermal
desorption tubes 60/80 mesh, O.D. 6 mm x 4 mm (i.d.) x L. 60 mm, used as

traps were purchased from Gerstel (Miilheim an der Ruhr, Germany).
2.2. Smoked fish samples

The smoked fish samples were provided by Sea Delight Europe, SL.
This company has patented a new method of cold smoked where the

temperature of the process is maintained at 4 °C with the objective of avoiding

Food Research International 137 (2020) 109698 87



Chapter 2. Food processing

the generation of histamine in blue fish, which appears at temperatures above
4.4 °C. With this method, three types of Cold Smoked seafood products are
produced: (i) light smoke grade: the time of flavoured wood smoke exposition
is short and the smoked flavour obtained is very light; (ii) medium smoke
grade: the exposition to the flavoured wood smoke is larger and the flavour
obtained is moderate; (iii) full cure (classic) smoked grade: the product has
strong flavour and aroma due to the 48 h curation. Sea Delight produces CO
and Tasteless smoked seafood products that are commercialised in USA and
Canada, respectively.

A total of 300 samples were used: 20 samples of tuna and 20 samples
of swordfish for the Light Cold Smoke (L.CS) treatment, and 26 tuna and 26
swordfish samples for each of the other smoking treatments: Tasteless smoke
(TS), Carbon monoxide smoke (CO), Full Cure Cold Smoke (FCS), Medium
Cold Smoke (MCS) and raw samples (no smoking treatment) (NAT). Samples

were stored in freezer at —25 °C until the extraction.
2.3. Purge-and-trap extraction

Smoked fish samples were defrosted at room temperature (24 °C) and
triturated before extraction. Then, 5 g of sample were weighed into a 150 mL
conical flask. The volatile’s extraction procedure was based on our previous
works (Beltran et al., 2006, Sales et al., 2019). The flask was immediately
closed with a glass tap with two connection tubes: one for the dry N> gas
entrance and the other for the exit connected to the sorbent Tenax® TA TDU
trap tubes (Fig. S1). The sorbent trap tubes were previously spiked with 10
uL of 50 pug mL-! internal standard to correct for potential extraction
deviations. Sample extraction was carried out at 40 °C for 60 min (immersed
in a water bath) with a dry nitrogen (99.7 %) flow of 100 mL min-! to perform
the purge process. Finally, the sorbent trap tubes were thermally desorbed
with the aid of a TDU into the GC/MS.

The samples were randomly analysed in order to avoid bias in the
methodology, performing 18 extractions per day of the samples defrosted
immediately before extraction. Quality Control (QCs) samples commonly
used in metabolomics (i.e. a pool of samples to monitor the performance of

the metabolomic workflow) could not be performed due to the difficulty to
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achieve an average representative and homogeneous mix of samples, and to
the absence of sample extracts because extraction was made directly in phase

gas.

Alternatively, replicate thermal desorption traps were spiked with 10
uL of a mix of volatile compounds at 50 ug mL-1, which were processed at the
beginning and at the end of the sequence batch, and every 6 samples, for

correction of the instrument deviation.

DryN, Flow /‘\ Tenax trap

t Fish sampie ) Water thermal bath
(40°0)

Fig. S1. Experimental design used for DHS-P&T extraction for smoked fish samples.

2.4. GC-EI-MS analysis

An Agilent 6890 Plus Series gas chromatograph coupled to a
quadrupole mass spectrometer, Agilent 5973 N Mass Selective Detector, with
an electron ionization (EI) source and MPS2 autosampler from Gerstel
(Linthicum, MD, USA) was used for VOCs analysis. The GC separation was
carried out on a 30 m x 0.25 mm DB-WAXETR (0.25 um film thickness)
capillary column (J&W Scientific, Folsom, CA, USA), with helium at a
constant flow of 1 mL min-! as carrier gas. The column temperature program
started at 40 °C for 3 min; then increased to 160 °C at 5 °C min~! and held for
2 min; then increased to 260 °C at 40 °C min-! and held for 1.50 min (total

chromatographic run 32 min).

The injection system comprised two devices; a thermal desorption unit
(TDU) and CIS 4 PTV injector. The sorbent traps, used for sample extraction,

were thermally desorbed in the TDU in splitless mode using a desorption
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program that started at 50 °C (1 min equilibrium time), then increased to 260
°C at 12 °C s~! and held for 8 min; the transfer line temperature was 260 °C.
The CIS4 PTV was equipped with a Tenax® TA packed liner and temperature
program started at 40 °C during 1 min and then the temperature increased at
12 °C s71 t0 260 °C and held for 8 min. In Fig. S2 a total ion chromatogram
obtained from a LCS tuna sample after the described method is shown. As it
can be observed, proper chromatographic peak shape is obtained even for the
early eluting peaks, although no crio-focusing was used by means of a gap

column.
2.5. Data treatment

The GC/MS data, acquired in full SCAN mode, were converted to .cdf
data format thanks to the Chemstation® (Agilent) “export to .AIA” function
and pre-processed using the PARADISe software. After loading the exported
data to PARADISe software, around 150 time intervals or regions of interest
(ROIs) were defined manually along the chromatogram, taking into account
the peak shape in total ion chromatogram, when visible, and avoiding empty

spaces between intervals.

For each ROI, software calculates a model with a maximum of 8
components and 50,000 maximum iterations in order to resolve the
underlying and, possibly, overlapping compounds. Once the model for each
interval was created it was optimised with the selection of as many
compounds as possible, providing a model fitting and model consistency over
95 % as well as background removal and avoiding model overfitting. The final
report was created with the list of compounds and their peak area for each
sample in .xIs format. Since a mixture of external standards were injected
every 6 samples, the peak areas were normalised with the area of the closest
compound in retention time of the nearest external standard mixture
injection, to correct the differences due to instrumental drift, to finally be
scaled applying pareto-scaling (van den Berg, Hoefsloot, Westerhuis, Smilde,
& van der Wert, 2006).

The statistical multivariate analysis was performed with MATLAB
environment (version R2013a, The Mathworks, Natick, MA) along with
PLS_Toolbox (version 7.5.2, Eigenvector Research, Wenatchee, WA).
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3. Results and discussion
3.1. Volatile extraction procedure performance

Both, direct HS injection and DHS-P&T, were tested for extraction of
VOCs. Both systems had been previously used in our laboratory for extraction
of volatile compounds in food or food products (Beltran et al., 2006, Fredes
et al., 2016, Sales et al., 2019). Although HS-SPME has demonstrated to be a
valuable technique for volatile extraction, automatization equipment
connected to the GC/MS was not available in our laboratory. Therefore, direct
HS injection and DHS-P&T were assayed analysing three replicates of each
type of smoked tuna (LCS, MCS, FCS, TS and CO) and raw tuna (NAT) under
the same conditions, performing the subsequent analysis by GC/MS in full

scan mode.

The results were clearly better (both in terms of sensitivity and number
of detected compounds) with the DHS-P&T. The performance obtained with
HS static procedure was poorer as regards the number of peaks and the
sensitivity reached, which was far below the DHS-P&T which sensitivity was
favoured by the pre-concentration factor of the dynamic process, especially
for those compounds with low vapour pressure. This fact is in accordance
with previous studies (Beltran et al., 2006, Fredes et al., 2016), where a more
exhaustive comparison of the available sample treatment for VOCs extraction
were performed, as in Sales et al.,, 2019 (Sales et al., 2019) where the
extraction performance of DHS-P&T was tested by obtaining up to 1000
times more sensitivity for most of volatile components compared with a static
technique headspace-stir bar sorptive extraction (SHS-SBSE). All together
demonstrates the advantages of DHS-P&T over the static headspace
techniques.

3.2. Processing of GC/MS data with PARADISe software

Data processing started with GC/MS data conversion to .cdf (netCDF)
format using Chemsation® by Agilent Technologies. Due to its potential in
gas chromatography applications and based on our previous experience in
our laboratory, PARADISe (Johnsen et al., 2014, Johnsen et al., 2017,
Khakimov et al., 2016) was used for peak picking and subsequent alignment

of retention times to match the peaks across samples.
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To this purpose, the chromatogram was first divided into 150 ROIs and
each ROI was individually modelled using the PARAFAC2 algorithm
(Harshman, 1972) for peak deconvolution based on the mass spectra and the
intensity of the signals. The model validation was conducted following
Khakimov et al. (Khakimov et al., 2016) recommendations. For each ROI, the
model fitting was tested to a maximum of eight components, selecting the
optimal number of components based on a good model fit and core
consistency (both over 95 %), noise removal and low residuals, but avoiding
model overfitting while obtaining well resolved peaks. Among the
components picked, only the ones with a robust match with the NIST08 mass
spectral library were retained in the final peak table, removing those coming
from the baseline or column bleed. The models optimised by PARADISe using
the 300 samples ended in a total of 107 components tentatively identified,
recorded with their area in an .xIs data table. Its capability for spectra
deconvolution (even with unit mass resolution), for distinction between the
signals from baseline or column bleeding, and for co-eluting components
detection, allow PARADISe to get a consistent data matrix that simplifies the
following steps, including the statistical analysis. For further information
about PARADISe processing see (Sales et al., 2019).

3.3. Discriminant analysis by multivariate statistics

After internal standard normalisation and pareto-scaling of the peak
data, the next step was the multivariate statistical analysis. After the
aforementioned data transformation, the dataset was divided into two
groups: 80 % of samples (considering each smoking treatment) for model
training and the remaining 20 % for model validation. As an unbiased data
exploratory analysis, a principal components analysis (PCA) was carried out
considering the training data set. Fig. 1 shows the score plot of the first two
components of the same PCA, where PC1 and PC2 explain the 43.95 % and
9.94 % of the variance respectively, labelled by a) the two species of fish
analysed and b) the different smoking treatments. From Fig. 1a, there was
not significant inherent separation between the samples of the two fish
species studied (tuna or swordfish). Thus, all the samples from the same
treatment can be grouped in order to study the effect of the different

treatments, regardless of the fish species. Regarding Fig. 1b, intrinsic
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separation between the smoking treatments can be observed. The full cure
(FCS) and medium (MCS) cold smoke treatment groups (CS) could be
distinguished easily (green squares and light blue triangles, respectively)
from the other samples (the non-cold smoke group, No-CS) along the first
component (PC1). However, Light Cold Smoke (LCS) (dark blue triangles)
could not be differentiated from the rest of the low to no treatment samples:
Tasteless (TS), CO and Untreated fish (NAT).
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Fig. 1. PCA score plots of the acquired data for the method training (a) coloured by fish
species and (b) by smoking treatments.

After PCA analysis, the partial least squares discriminant analysis
(PLS-DA) was applied, which considers additional information about the
groups to be classified (including the smoking treatment in the input
information) (Fig. 2). The PLS-DA score plot of the latent variables 1 and 2
(LV1 vs LV2) (Fig. 2a) showed a clear separation between FCS and MCS
from the remaining groups (and between them) along the LV1 axis. However,
LCS group was still close to the non-cold smoke groups (TS, CO and NAT)
although its differentiation improved regarding PCA since a gradual
separation along LV2 could start to be observed. This distinction between the
LCS and the No-CS groups was better noticed in the PLS-DA 3D (Fig. 2b and
c).

In order to get information on relevant compounds related to the cold
smoking process, PLS-DA between two groups was applied: the target class
was “CS” (FCS, MCS and LCS) and the non-target class was “No-CS” (TS, CO
and NAT). In order to verify the accuracy of the model, the classification of
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the samples for the validation set was performed directly by the software. The
PLS-DA was built using 4 latent variables (LV) and it explained 57.52 %
variance. The classification plot obtained from this PLS-DA model is shown
in Fig. 3, where samples were labelled by CS vs No-CS (Fig. 3a) and by the
different smoking processes (Fig. 3b). It can be observed that all No-CS
samples were at the same level, and they could be attributed a similar (and
low) organoleptic load. Regarding the CS group, there is a slight variation
depending on the time of exposure to smoke and therefore on the intensity
level of the smoke flavour and odour, being the FCS samples at the top, MCS
at lower level and LCS just above the threshold. This implies that LCS has low
intensity organoleptic properties associated to cold smoke, but analysing the
volatile composition it can be differentiated from other treatments that are

not allowed in the European Union (TS and CO).
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Fig. 2. PLS-DA score plots of the acquired data for the method training (a) 2D plot
plane LVIvs LV2 and (b) and (c) 3D score plots for LVI1, LV2 and LV3.
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Fig. 3. Model sample classification with the training and the evaluation set of samples
coloured (a) by Cold smoked or non-cold smoked and (b) by the different smoking

treatments.
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Confusion matrix summarizes the PLS-DA results of the training and
validation set of samples (Fig. 4). The model was able to correctly classify
100 % of the Full Cure cold smoke, the 97.6 % of the Medium cold smoke and
87.5 % of the Light cold smoke of the training samples. This model was then
evaluated with the remaining 20 % of the samples, where 100 % of the Full
Cure and Medium and 87.5 % of the Light cold smoked samples selected for
evaluation were correctly classified as “Cold Smoked”. It is worth noting that
this model was highly efficient because all different CS treatments could be
differentiated from other NO-CS processes that are forbidden in EU.

OBJECTIVE
NO ColdSmoked  Cold Smoked
Cco 100 % 0
NOCS Tasteless 100 % 0
Natural 100 % 0
CS Full Cure 0 100 %
CS CS Medium 0 100 %
CS Light 0 100 %
TRAINING SET EVALUATION SET
NO Cold Smoked Cold Smoked NO Cold Smoked Cold Smoked
Cco 40/42 95.2% 2/42 4.8% co 10/10 100 % 0/10 0%
Tasteless 40/42 95.2% 2/42 4.8% Tasteless 10/10 100 % 0/10 0%
Natural 41/42 97.6% 1/42 24% Natural 9/10 90 % 1/10 10%
CS Full Cure 0/42 0% 42/42 100 % CS Full Cure 0/10 0% 10/10 100 %
CS Medium 1/42 2.4% 40/42 97.6 % CS Medium 0/10 0% 10/10 100 %
CS Light 4/32 12.5% 28/32 87.5% CS Light 1/8 0% 7/8 87.5%

Fig. 4. Confusion matrix showing the comparison between the objective (up) of sample
classification and the results (down) Training and evaluation set of samples after
processing the samples through the entire developed procedure. The classification model
was developed based on all the variables obtained (model score —0.05).

3.4. Volatile profile-based classification model building and
evaluation for different seafood treatments

The classification model was made with all 107 variables present in the
samples. To generate a simpler model easier to apply in future targeted
routine approach, most significant variables were selected according to the
VIP score (Variable Importance in the Projection). This score summarizes the
contribution a component makes to the PLS-DA model. In order to select as
few variables as possible, the 29 features with VIP > 1 were firstly selected to
build the PLS-DA model. On the basis of the satisfactory results obtained, the

96 Food Research International 137 (2020) 109698



2.2 Scientific article IT

reduction of variables, applying the threshold VIP > 1 for the new scores,
continued progressively, until the model failed. Finally, the number of
variables could be reduced down to 11 with the model still remaining
consistent. The Table 1 lists the main components selected as tentative

markers for subsequent confirmation.

Table 1. GC/MS measurements for the identified markers for the Cold smoke reduced
classification model.

VvIP Molecular M-+e tr LRI LRI reported in
value Marker formula @m/7)  (min) expexz;l;ental NIS’I‘(I;l))rary
2.50 3-methyl- CsH100 98  10.86 1210 1218
cyclopentanone
2.33 Ethylbenzene CsHio 106  8.51 1125 1122
1.94 2-methyl-2- CsHsO 9 1513 1366 1367
cyclopenten-1-one
1.94 2-methyl- CoHsO 132 2091 1593 1589
benzofuran
1.92 Furfuryl alcohol C5HeO: 98  22.46 1659 1659
1.85 2-acetylfuran CsHe02 110 1873 1504 1501
1.85 Acetophenone CsHsO 120 2224 1649 1649
1.67 Guaiacol C7Hs02 124 2691 1863 1862
1 —hydI'OXy—2— 1376
1.56 butanone C4HsO2 88  15.42 1375
1.48 4-vinylguaiacol CoHi002 150  30.06 ") )
1.01 Acetoin C4Hs0: 88 12.93 1285 1285

(*) The Linear Retention Index (LRI) were obtained for each compound from NIST Library
(https://webbook.nist.gov/) according to the most similar column and chromatographic conditions.

(**)The retention time fell out of the alkane range, the Linear Retention Index (LRI) could not be calculated.

Considering only the 11 tentative markers selected a new model was
built and the classification plot is shown on Fig. 5 and the confusion matrix
on Fig. 6. With the 11 variables model, the group of samples are slightly
(positively or negatively) affected by the variable reduction, being the Light
cold smoke the most affected (81.3 % were correctly classified in the training
samples in comparison to the 87.5 % of the previous model). Nevertheless,
this is still an acceptable result and it allowed a satisfactory classification of
the samples randomly selected for evaluation. Thus, 100 % FCS and MCS,
and 87.5 % of the LCS samples, were satisfactorily classified as “Cold Smoke”
samples with the developed model, reaching the same results as for the 107-

classification model.
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Fig. 5. Model sample classification with 11 variables with the training and the
evaluation set of samples coloured by the different smoking treatments.
OBJECTIVE
NO Cold Smoked Cold Smoked
o 100 % 0
NO CS Tasteless 100 % 0
Natural 100 % 0
CS Full Cure 0 100 %
cs CS Medium 0 100 %
CS Light 0 100 %
TRAINING SET EVALUATION SET
NO Cold Smoked Cold Smoked NO Cold Smoked Cold Smoked
Co 42/42 100%  0/42 0% co 8/10 80 % 2/10 20%
Tasteless 41/42 97.6 % 1/42 2.4% Tasteless 10/10 100 % 0/10 0%
Natural 40042 952%  2/42 48% Natural 910 90% 1/10 10%
CSFullCure  1/42 24% 4142 97.6% CSFullCure  0/10 0% 1010 100%
CSMedium  1/42 24% 4042 97.6% CSMedium  0/10 0% 1010 100%
CS Light 0 R e R CS Light 18 12.5% /8 87.5%

Fig. 6. Confusion matrix showing the comparison between the objective (up) of sample
classification and the results (down) Training and evaluation set of samples after
processing the samples through the entire developed procedure. The classification model
was developed based on the 11 most relevant variables obtained (model score —0.1).
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3.5. Cold smoke-related compounds identification in the

simplified classification model

Identification of the 11 compounds used in the simplified model is
crucial for the development of targeted methods in future works, and for
validation of the classification model by analysing a large amount of samples

and blind samples prior to its routine analysis application.

An interesting contribution of PARADISe software is that
automatically performs a comparison between the deconvoluted spectra and
the NIST EI mass spectra library (in this case NIST08) giving the best fitted
candidate. In order to increase the confidence in the identification, Linear
Retention Indices (LRIs) were calculated for each compound using a C7-C20
alkane mixture. The tentative identification for a compound was assigned
when the NIST match for this compound was over 800; and the LRI match
with the NIST library was below + 20. Finally, the identity of the 11 markers
was confirmed by the injection of reference standards under sample identical
conditions, and subsequent comparison of spectra and retention times,
according to the criteria of our laboratory and the Chemical Analysis
Working group (CAWG) Metabolomics Standards Initiative (MSI) (Sumner
et al., 2007). Results are shown in Table 1 with their molecular formula, the
detected molecular ion, the NIST match, retention time and LRI. In the case
of the 4-vinylguaiacol, the retention time fell out of the C20 alkane range, thus
the LRI could not be calculated. However, its identity was confirmed with the
reference standard injection. Our results were compared with the available
literature in the field of organoleptic cold smoke composition, which reports
that ketones, phenolic derivatives and furan derivative compounds are
associated with smoke flavour and odour (Gémez-Estaca, Gomez-Guillén,
Montero, Sopelana, & Guillén, 2011; M.D. Guillén et al., 2006, Jonsdo6ttir et
al., 2008). The compound with higher importance in our 11 variables
classification model was 3-methyl-cyclopentanone, previously identified as
wood smoke component together with other ketones such as 2-methyl-2-
cyclopenten-1-one, 3-hydroxy-2-butanone, 1-hydroxy-2-butanone and
acetophenone (Vidal et al., 2017). Guaiacol and guaiacol derivatives, such as
4-vinyl guaiacol has been previously reported as derived from wood pyrolysis

and with a high importance in the smoke flavour grade. Associated with this
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property are also furan derivatives compounds, such as 2-acetylfuran, 2-
methyl-benzofuran and 2-furanmethanol (J6nsdéttir et al., 2008). Finally,
hydrocarbons, like ethylbenzene, part of the wood smoke constituents (Maria
D. Guillén & Errecalde, 2002) were also found as marker although no

references about its flavour contribution was found in the literature.
4. Conclusions

The use of untargeted volatolomics based on DHS-P&T for volatile
extraction and subsequent analysis by GC/MS has allowed to obtain relevant
information regarding the volatile composition of smoked fish samples,
responsible for the classification of smoking technique applied. The use of
PARADISe has allowed robust peak detection, cleaner spectra and, in
combination with NIST libraries, an efficient tentative identification. Using
this methodology a classification model has been developed able to
distinguish samples with “Cold Smoked” treatment (Full Cure, Medium and
Light smoked) from those without “Cold Smoked” treatment (Tasteless, CO
and untreated), and it has allowed to build a consistent statistical model for
correct classification. The model built with all the 107 detected compounds
allowed the correct classification of 96.3 % of the blind samples, while using
the simplified model, based on only 11 identified compounds, 95 % of the
blind samples were still correctly classified. The confirmation of the identity
of these 11 compounds with their reference standards will allow in the near

future to develop a targeted method to be implemented in routine analysis.

The model was developed to classify fish flesh treated with cold
smoking at 4 °C and other non-cold smoked treatments. In this work, relative
chromatographic areas, referred to internal standard, were used for
classification purposes. For future routine applications, reference standards
should be used in order to calculate the concentration of each marker in the

samples, following a simple target quantitative approach.

The possibility to apply the developed methodology to other fish flesh
samples treated with cold smoking is promising but should be further studied
and validated. Thus, the markers proposed for the cold smoked seafood
analysed in this work may not be the most suitable for other cold smoking

processes performed by other companies. This is due to the variability
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between the cold smoke treatments applied (type of wood, exposure time,

temperature, salinity...).
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Supplementary Information
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Fig. S2. Total ion chromatogram from the volatile extract of a light cure cold smoked
tuna sample obtained by Dynamic Head Space-Purge and Trap (DHS-P&T), followed by
the injection with a thermal desorption unit (TDU) and CIS 4 PTV injector, under the
chromatographic conditions described in section 2.4.
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2.3 Discussion of the results

Considering the different groups of compounds that could be addressed
by untargeted metabolomics and the expected characteristics from smoked
products, Scientific Article II focused on the most appreciated aspect by
consumers, the aroma. This was expected to be the biggest differentiation
between cold smoked products and carbon monoxide (CO) or filtered smoke
treated products, since both latter treatments try to maintain the fish natural
flavour. The chemicals related to the sensory properties of smoked products
are volatile compounds acquired from the wood smoke, some of them with
reported microbistatic activity. CO and filtered smoke treatments lack this
added property that has made the smoking process one of the oldest food
preservation and safety techniques.

However, the consumer’s search for new experiences and flavours has
led to the production of different smoked products with different flavour
intensities, some of them so mild that they are difficult to distinguish from
the two aforementioned treatments banned by European Union, and even

untreated raw fish, by traditional methodologies employed in trade controls.

For this reason, DHS-P&T was selected as extraction method, since it
is characterised by its high preconcentration factor of volatiles present in the
sample and it allows the subsequent detection of compounds even in lightly

flavoured smoked fishery products.

This work was not only focused on the determination of the
characteristic compounds of the cold smoking process, but a classification
model was also developed based on 11 compounds with confirmed identity
that allowed the correct classification of 95 % of the blind samples.

For the selection of the compounds to be used in the model building,
the features significantly different highlighted in the statistics were evaluated
one by one. One of the problems found in the selection was related to the peak
picking process carried out by the PARADISe software, although it is not
characteristic of this software in particular, but a general problem of peak
picking process in metabolomics. The peak picking was done with samples

from all the groups to be compared at the same time, in order to correlate the
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peaks from one sample to another. Some samples were characterised by a
series of volatiles at very different concentrations, the full cure cold smoked
group being very different in terms of concentration of certain compounds
even with the following group in flavour intensity, medium cold smoke. The
problem arises when the program tries to match those peaks with high
intensity in one group to another one where they are hardly detectable or even
non-existent. In these cases, the program can deconvolute a peak when it is
actually not present. Moreover, there is possibly an overfitting effect in
discriminant statistical analysis if a group is constituted from very disparate
samples in terms of concentration. This combination may result in the
highlighting of some compounds that are not really present in all the samples
of the conformed group. These facts added some difficulty in the selection of
compounds that were specific to the cold smoking treatment and not from the

different smoking degrees.

Currently, it is being studied the transfer of the classification model to
an analysis method easily applicable to routine laboratories. DHS-P&T is a
very efficient technique for scanning the compounds present in the sample
for a global screening approach as untargeted metabolomics, but it has been
shown to be an extraction technique difficult to optimise for quantitative
methods. Moreover, the extraction is performed off-line from the GC-MS
analysis and there is no automation in the extraction process. These facts

make necessary an adaption of the method.

In this ongoing targeted method, the analysis of the 11 highlighted
compounds in the untargeted metabolomics will be sought, as well as other
compounds that the European Union have included in the regulation
regarding the smoked food products. Contrary to the more universal sample
treatment trend from untargeted metabolomics, parameters around the
extraction are being optimised for the enhancement of the compounds
selected in the method. For this purpose and counting on the automation of
different types of on-line volatiles extraction offered by our GC-EI-HRMS,
HS-SPME with different fibres as well as the in-tube extraction dynamic
headspace (ITEX-DHS) are being explored.

Although this methodology has being developed in collaboration with
Sea Delight Europe, SL, it is also planned to validate the selected markers
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with fishery products from other companies in which, within the cold
smoking procedure, certain parameters could vary, giving the final product

differentiating flavours.
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3.1 Introduction
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separation — quadrupole time-of-flight MS (UHPLC-IMS-QTOF MS)
metabolomics for short-term biomarker discovery of orange intake: a
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3.3 Medium-term biomarkers of orange intake
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3.1 Introduction

Diet is one of the environmental exposures with higher impact on
health, and therefore, its study is vital for the health-related sciences. As
explained previously in this thesis, the measurement of dietary exposure has
been carried out traditionally by means of collecting tool information based
on food frequency questionnaires (FFQ), food diaries or 24-h recalls. All of
them are based on the information given by the patient/subject, often
underreported, with recall error or unreliable data sometimes due to the
social desirability bias. The measurement of intake and diet should be both
accurate and capable of being applied to a large number of subjects,
requirements that, more often than not, these traditional techniques are

unable to meet (O’Gorman & Brennan, 2017).

The metabolome responds to stress, disease or nutrients long before
the alteration of proteome or transcriptome, making the study of metabolic
alteration very attractive for multiple fields, including dietary intake
assessment. Thanks to the untargeted metabolomics, a response is being
given in this area by the discovery of compounds specific for food or group of
foods that become bioavailable after their consumption, biomarkers of food
intake (BFI). Once the biomarkers are determined, they could be used for diet
monitoring in a precise and objective way; as well as to contrast the
information obtained by more traditional methods, and hence better unravel

the associations between diet and health (Vazquez-Manjarrez et al., 2020).

Around this objective a series of initiatives are being created; as the
Food Biomarker Alliance (FoodBAll, www.foodmetabolome.org) which is a
multicentric project aiming to develop strategies for food biomarker
discovery and validation, as well as specialised data bases as FooDB
(www.foodb.ca), PhytoHub (www.phytohub.eu) or FoodComEx
(www.foodcomex.org), with close collaboration with other analytical or
specialised data bases (MassBank www.massbank.eu , Exposome Explorer
www.exposome-explorer.iarc.fr ... ) (Vazquez-Manjarrez et al., 2020).
Thanks to this type of initiatives, a great source of knowledge is being built in
this field, that will allow the implementation of monitoring tools to obtain

more reliable data.
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Moreover, untargeted metabolomics in nutrition research has been
also applied to dietary patterns (DPs) (Wu et al., 2021). There is a great
diversity of DPs based on multiple factors such as the region or country (e.g.
Mediterranean or Nordic diet), on focusing in a determinate type of food (e.g.
vegetarian or vegan diet), designed to a specific subject (e.g. DASH diet o
Portfolio diet to lower blood pressure and cholesterol levels respectively), to
a determinate goal (low-carbohydrates diet) or even the trends of the moment
(e.g. paleo diet, Dunkan diet...) (Gomez-Delgado et al., 2021). Their
monitoring is therefore based on a multiple biomarker depending on the
foods employed in the diet under study (Kim & Rebholz, 2021).

In this chapter, untargeted metabolomic approach has been applied in
the discovery of short-term biomarkers of orange intake (Scientific Article
III) and an exploratory study for medium-term biomarker (Section 3.3), a
citrus fruit with great importance in the Mediterranean diet and widely
consumed around the world by itself or derived food products as juices. In
addition, it is an example of how the development of new technologies
facilitates the application of untargeted metabolomic approaches, not only in
this area but in all its fields of application, specifically the introduction of ion
mobility separation (IMS) to the HRMS-based instruments.
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L Introduction

Currently, one of the main limitations of nutritional epidemiology is the difficulty involved in
measuring dietary intake [1]. In observational studies carried out on a large number of participants,
the most commaonly applied tools for estimating dietary intake are mainly based on self-reporting,
including food frequency questionnaires (FFCks) for the assessment of regular consumption (usually
one-year), or 24-h recalls for one-day assessment. However, such methodologies for data collection
may contain substantial recall bias and other systematic or random errors that may have a large effect
on the estimated food intake and, furthermore, on subsequent associations between food intake and
the diseases studied [2,3]. Although in recent years, there has been an improvement in increasing the
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Abstract

A major problem with dietary assessments is their subjective nature.
Untargeted metabolomics and new technologies can shed light on this issue
and provide a more complete picture of dietary intake by measuring the
profile of metabolites in biological samples. Oranges are one of the most
consumed fruits in the world, and therefore one of the most studied for their
properties. The aim of this work was the application of untargeted
metabolomics approach with the novel combination of ion mobility
separation coupled to high resolution mass spectrometry (IMS-HRMS) and
study the advantages that this technique can bring to the area of dietary
biomarker discovery, with the specific case of biomarkers associated with
orange consumption (Citrus reticulata) in plasma samples taken during an
acute intervention study (consisting of a randomized, controlled crossover
trial in healthy individuals). A total of six markers of acute orange
consumption, including betonicines and conjugated flavonoids, were
identified with the experimental data and previous literature, demonstrating
the advantages of ion mobility in the identification of dietary biomarkers and
the benefits that an additional structural descriptor, as the collision cross

section value (CCS), can provide in this area.
Keywords
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1. Introduction

Currently, one of the main limitations of nutritional epidemiology is the
difficulty involved in measuring dietary intake [1]. In observational studies
carried out on a large number of participants, the most commonly applied
tools for estimating dietary intake are mainly based on self-reporting,
including food frequency questionnaires (FFQs) for the assessment of regular
consumption (usually one-year), or 24-h recalls for one-day assessment.
However, such methodologies for data collection may contain substantial
recall bias and other systematic or random errors that may have a large effect
on the estimated food intake and, furthermore, on subsequent associations
between food intake and the diseases studied [2,3]. Although in recent years,
there has been an improvement in increasing the validity and precision of
food questionnaires thanks to the use of new information technologies [4,5],
these instruments are still biased and additional information based on
objective intake biomarkers is needed [6,7]. Biomarkers of food intake are
promising tools to provide more objective food consumption measurements
[6-9]. Therefore, a major challenge nowadays for nutritional epidemiology
and precision nutrition is to identify novel and valid biomarkers [10].
Metabolomics has opened up new opportunities for food intake biomarker
discovery through metabolic profiling of biological samples (plasma, urine,
etc.), following the intake of specific foods, meals, or diets [10,11].
Nevertheless, to date, there are very few validated biomarkers of food intake,
and more research is urgently needed. In a consensus paper, Dragsted et al.
[10] outlined an optimal and reproducible validation process to
systematically and critically assess the validity of candidate food intake
biomarkers. A consensus-based procedure was used to provide and evaluate
a set of the most important criteria for systematic validation of these
biomarkers [10,12]. Similar conclusions were reached in a National Institute
of Health (NIH) organised workshop on “Omics Approaches to Nutritional
Biomarkers” in Bethesda, attended by researchers from the United States,
Canada, and several European countries [13]. According to these
recommendations, acute interventions trials where participants consume
specific amounts of a test food in a single meal are the best approach as the
first step in dietary biomarker discovery [10-13]. In this approach, baseline
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and postprandial biological samples are collected for analysis and for
identifying potential biomarkers. For these dietary interventions, the use of
crossover studies is an efficient design having less bias and requiring less
sample size than randomised parallel group intervention trials [14]. In
crossover studies, participants receive all interventions in consecutive
periods, which means that the influence of individual variation is minimised.
The metabolites are measured after every period. In these studies, the use of
a single food, facilitates a more specific investigation of biomarkers, since the
number of potential metabolites is simplified in comparison with a full
dietary pattern. Despite this simplification, identifying metabolites for
dietary intake is not always easy, even if only one food is administered [15].
Small, short-term feeding studies that yield candidate biomarkers may be
followed by validation and testing of biomarker performance in large cohorts,
repeating the process with required corrections, until an ideal biomarker
performance is achieved. Currently, oranges are one of the foods for which it
has been shown that there are good metabolomic biomarkers of intake [16-
18]. Specifically, an excellent example of such a biomarker for citrus fruit
intake is proline betaine (N,N-dimethyl-L-proline), also known as
stachydrine [16-20]. This biomarker was first discovered in a small crossover
trial [19], and later validated in several intervention and cohort studies
[16,18,20-24]. Despite the high statistically significant associations found
between citrus intake and proline betaine levels (both in plasma and/or in
urine), correlation coefficients ranged between 0.4 and 0.8 depending on the
study, suggesting that other additional biomarkers for citrus intake can add
more information in precision nutrition. Some studies reported additional
biomarkers for citrus fruit intake including trans-4-hydroxy-L-proline
betaine (betonicine), N-methyl-L-proline and synephrine, among others
[17,25-30]. However, with improvement in techniques and instruments,
more biomarkers can be discovered. Moreover, it has been suggested that,
whereas proline betaine is a good biomarker for the intake of any citrus
product, synephrine can be used as a reliable additional biomarker with high
specificity for orange intake [30].

Aside from specific compounds, in metabolomics the analytical

platform used as well as the targeted or untargeted approaches, may have a
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role to play in identifying metabolites [31], each of these having a number of
advantages and disadvantages [31]. Food is usually a complex and diverse
mixture of components that could present a metabolic potential or not. To
analyse these compounds, there is a need for robust, efficient and sensitive
methodologies along with powerful analytical technologies [32,33].
Metabolomic fingerprinting is the global screening approach (untargeted
method) used for low molecular mass compounds (<1500 Da), for classifying
the samples based on the metabolic profile or “fingerprints” that change in
response to external (environmental, diet...) or internal (genetic, disease...)
perturbations with the final goal of identifying or discriminating between
metabolites [15,33,34].

Due to the large amount of compounds that are joined in the
metabolome, with a large variety of physicochemical properties, in recent
years the combination of separation techniques such as gas or liquid
chromatography (GC and LC respectively) with high resolution accurate mass
spectrometry (HRMS) are appearing to be less expensive and more sensitive
alternative approaches than nuclear magnetic resonance (NMR) [35], which
has been the previous technique of choice [36]. Because of the physical
properties of most biofluids, GC is not usually chosen in this field because the
analytes (usually polar and not very volatile) often requires derivatisation to
improve thermal stability for GC, requiring more laborious sample treatment
[37,38]. Due to the aqueous composition of biofluids (such as blood, urine,
sweat), LC has been widely used for metabolomics in bioanalytical studies.
Furthermore, a wider range of separation mechanisms due to the variety of
stationary phases is available, so that complex sample preparation is not

usually required, and shorter separation run times are involved [39].

Therefore, hyphenation LC-HRMS is widely employed in untargeted
metabolomic approaches. Moreover, the recent introduction of ion mobility
separation (IMS) coupled to HRMS Q-TOF provides additional structural
information, so achieving a better characterisation of biomarkers [40-42].
IMS is a gas-phase separation technique based on the time that an ion takes
to cross a drift tube filled with an inert gas under low-field conditions. The
drift time (DT) of each ion is dependent on its individual size, shape and

charge [43,44]. DT can be directly converted into a collision cross section
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value (CCS, A2), which represents an additional separation dimension based
on the compound chemical structure and 3-dimensional conformation
[44,45]. The LC-IMS-HRMS combination provides an extra separation
dimension through CCS to the retention time (RT), accurate mass (m/z) and

intensity, thus obtaining four-dimensional matrix data.

Therefore, the main aim of this study was to perform an exploratory
untargeted metabolomic study using UHPLC-IMS-HRMS to find out short-
term plasma biomarkers of orange consumption, as well as to explore the
promising improvements that IMS in combination with LC-HRMS could
achieve in the untargeted metabolomic field in an acute crossover
intervention trial using multivariate analysis (PCA, PLS-DA and OPLS-DA)

to highlight the most relevant short-term markers of orange intake.
2. Materials and Methods
2.1. Subjects and Study Design

We carried out a randomised, controlled crossover study on 30 healthy
subjects (aged 25.0 + 2.8 years, 8 females and 22 males), recruited in
Valencia, Spain. After a minimum of 8 h fasting, participants were randomly
allocated to eat 500 g of peeled oranges (Citrus reticulata, Clementine
variety) or an isocaloric (same energy as the oranges) solution of sucrose in
water. No other food was allowed for 4 h (a standard time-point for acute
human studies using plasma samples). At the start and after 4 h, blood
samples were taken. Subjects were randomised to start either in the
intervention or the control groups in order to prevent the influence of period-
effects. In addition, a wash-out period was considered. After a one-week
break the two groups swapped over and the corresponding intervention was
undertaken. The crossover study was registered as ISRCTN17330010.
Anthropometric, clinical, lifestyle and biochemical data were obtained by
standardised techniques and questionnaires as previously described [46].
Plasma was obtained and stored at —80 °C for subsequent metabolomics
determinations. Subjects provided written informed consent and the study
protocol and procedures were approved according to the ethical standards of
the Helsinki Declaration and by the Human Research Ethics Committee of
the University of Valencia, Valencia (reference number: H1425917369903).
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2.2, Chemicals and Reagents

LC-MS grade methanol (MeOH) and LC-MS grade acetonitrile (ACN)
were purchased from Sharlab (Barcelona, Spain), as well as Formic acid
(HCOOH) eluent additive for LC-MS and reagent grade ammonium acetate
(NH4Ac). Milli-Q water purification system (Millipore Ltd., Bedford, MA,
USA) was used to obtain HPLC-grade water. Leucine-enkephalin (mass-axis
calibration) was purchased from Sigma-Aldrich (Saint Louis, MO, USA).

2.3. Sample Treatment

Prior to analysis, the blood plasma samples were thawed at room
temperature and vortexed. A total of 400 uL of ACN was added to 100 uL of
sample. The supernatant was collected after centrifuging 12,000xrpm and a
radius of 5.5 ¢cm, 8855 g (RCF), for 10 min at 4 °C, and divided into 3 aliquots:
two vials of 100 uL were stored at —30 °C, one vial of 200 uL was stored at
—80 °C. Moreover, 20 uL of each sample were pooled and mixed to generate
the Quality Control sample (QC). This is assumed to provide a representative
average sample formed by a pool equivalent aliquot of all final sample
extracts.

In order to compensate/reduce instrumental drift, samples were
randomly injected into the UHPLC-IMS- QTOF MS system. QC was used for
both column stabilization purposes (by 10 QC injections at the beginning of
each sample batch) and, following the injection of every 10 samples, to

control possible instrumental drift throughout the sequence.
2.4. Instrumentation

Ultra-high performance liquid chromatography (UHPLC) with a
ACQUITY UHPLC I-Class system (Waters, Milford, MA, USA) was coupled to
a VION® IMS QTof (Waters, Manchester, UK), ion mobility hybrid
Quadrupole Time-of-Flight (IMS-QTOF) High Resolution Mass
Spectrometer (UHPLC-IMS-HRMS) using a electrospray ionization interface
operating in both positive (ESI+) and negative (ESI-) mode. Equipment
control and data acquisition and processing were performed using UNIFI
software (V.1.8.2, Waters, Manchester, UK).
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2.4.1. UHPLC Conditions

Two LC separation procedures were employed to cover a wider range
of compound polarities. To separate the medium to nonpolar molecules,
Reversed Phase Liquid chromatography (RP) was used with a CORTECS®
C18fused-core 2.7 um particle size analytical column 100 x 2.1 mm (Waters),
whereas a CORTECS® HILIC fused-core 2.7 um particle size analytical
column 100 x 2.1 mm (Waters) was employed for Hydrophilic Interaction
Liquid Chromatography (HILIC) to separate the polar molecules. 0.3
mL/min flow rate, 40 °C column oven temperature and 1 puL. sample injection
volume were selected for both types of liquid chromatography and both

ionization modes.

The RP-LC gradient elution was performed using mobile phases A =
H>0 and B = MeOH, both with 0.01 % of HCOOH. The gradient changed from
10 % B at O min to 90 % B at 14 min, 90 % B at 16 min, and 10 % B at 16.01
min, with a total run time of 18 min. The same gradient was employed for
both ESI+ and ESI- ionization modes.

For HILIC separation, mobile phases A = ACN:H20 (95:5, v/v) and B
= H»0, both with 0.01 % HCOOH and 10 mM NH4Ac, were employed. The
gradient started with 2 % B until 1.50 min, 15 % B at 2 min, 50 % B at 6 min,
60 % B at 7.50 min and finally 2 % B at 7.51 min, with a total run time of 10
min. This gradient was the same for both ESI+ and ESI- ionization modes.

2.4.2. IMS-QTOF Set Up

The capillary voltage was set at 0.7 kV and 2.00 kV for positive (ESI+)
and negative (ESI-) electrospray ionization mode, respectively. Nitrogen was
used as the desolvation gas, nebulizing gas and collision gas. The source
temperature was set to 120 °C and desolvation gas to 550 °C with a flow rate
of 1000 L/h. The mass spectrometer was operated in ion mobility (HDMSE)
mode for acquisition in both polarities. In HDMSE experiments, two
acquisition functions were acquired simultaneously over an m/z range of 50—
1000 Da and a scan time of 0.3 s. Low Energy function (LE), with a fixed
collision energy of 6 eV, and High Energy function (HE) with a collision

energy ramp from 28 to 56 eV was set.
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Calibrations of mass axis and DT were performed monthly with the
“Major Mix IMS/T of calibration kit” supplied by the vendor (Waters),
infused at a flow rate of 20 pL/min for both positive and negative mass
calibrations as well as CCS calibration.

For automated mass measurement, a Leucine-Enkephalin solution
(100 ppb) in ACN:H-0 (50:50, v/v) at 0.01 % HCOOH was pumped at 20
uL/min through the lock-spray needle and measured every 5 min (ensuring
a measurement at the beginning, in the middle and at the end of the
chromatogram), with a scan time of 0.3 s. The (de)protonated molecule of
leucine-enkephalin, at m/z 556.27658 in ESI+ and m/z 554.26202 in ESI-
was employed to recalibrate the mass axis and ensure the robust accurate

mass measurement along runs.
2.5. Data Processing and Statistical Analysis

The VION instrument data (.uep, UNIFI, Waters) were imported to
Progenesis QI (V.2.3, NonLinear Dynamics, Waters, Newcastle, UK). Then,
the software automatically performs the retention time alignment, with the
QC samples as reference (except for the first 9 QC injections used for column
stabilization); the 4D peak picking (based on the intensity, m/z, retention
time and DT) and response normalisation. The peak picking conditions were
set as follows: all runs, limits (automatic), sensitivity (automatic, level 2),
chromatographic peak width (minimum peak width of 0.1 min), and
retention time limits (0.3 to 17 min and 0.3 to 9 min, for RP and HILIC
respectively). To apply the deconvolution tool, the selected adducts ions
forms [M+H]+, [M-H.O+H]*, [M+Na]* and [M+K]* were selected for positive
ionization analysis and [M-H]-, [M-H.O0-H]-, [M+Cl]-, [M+FA-H]- for
negative ionization analysis. Samples were divided into 4 groups (Orange t =
0 h, Orange t = 4 h, Isocaloric Beverage (IB) t = 0 h, IB t = 4 h) in the
“Experimental Design Setup”, following the “Within-subject Design”
comparison, where not only are the groups each sample belongs to specified
to the software, but also the subject from which it comes. The software will
then perform a repeated measures ANOVA, to reduce the individual

differences.
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The processed data were then directly exported to EZinfo (V.3.0,
Umetrics, Sweden) for multivariate statistical analysis. First, Principal
Component Analysis (PCA), an unsupervised analysis, was applied to ensure
the correct grouping of the QC samples in the centre of the plot after
normalisation and the absence of outliers. Then, Partial Least Square—
Discriminant Analysis (PLS-DA) was conducted to maximize the separation
between the groups. Ultimately, an Orthogonal PLS-DA (OPLS-DA) was
carried out to highlight the most robust markers (threshold p(corr) = |0.6|).

2.6. Elucidation Workflow

The accurate mass and retention time of the most significant markers
from the OPLS-DA were obtained from the feature table and they were
checked and sought in the raw data (by UNIFI Platform). The compounds
were tentatively elucidated with the aid of an elemental composition
calculator (UNIFI, V1.8.2, Waters). The DT filtered HE spectra of the target
feature was searched in reliable mass spectra data bases (HMDB, MetLin,
MassBan) or were compared to in-silico fragmentation spectra (MetFrag)
with subsequent searches through general chemical data bases such as
Chemspider and PubChem.

The final identity could only be confirmed by comparing the retention
time, fragmentation and CCS with a commercially available standard. When
not available, CCS values were predicted by means of our CCS prediction

model [45] aimed at providing additional identification confidence.
3. Results
3.1. Participants and Experimental Setup

Table 1 shows the general characteristics of the study participants. A
total of 30 healthy subjects (97 % non-smokers) were analysed in the
intervention study and all of them completed both the dietary intervention
with oranges and the control group (isocaloric intervention with sucrose) at
baseline and after 4 h. Plasma samples were obtained twice at baseline and

after 4 h and analysed for metabolomics biomarkers of orange intake.

Regarding sample treatment, the only step taken was deproteinisation

with ACN to eliminate the macromolecules (nucleic acids and proteins)
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present in the plasma and, thereby, avoid possible interferences in the
metabolomic analysis and so focus on the low-weight molecules
(metabolites). The sample treatment must be as low selective as possible to
cover a larger range of compounds. The supernatant was directly injected in
the UHPLC-IMS-QTOF MS system. The samples extracts were injected in
randomised order to avoid bias in the methodology and QC was injected every

10 samples for normalisation and instrumental drift control.

Table 1. Demographic, anthropometric and clinical characteristics of the participants

by sex.
Characteristics Total (n=30) Men (n=22) ‘Women (n=8)
Age (years) 25.0+£0.5 254 +£0.6 23.8+0.9
BMI (Kg/m?) 25.0+1.0 258+1.3 226 +1.1
SBP (mm Hg) 124 +3 129+ 3 111 +£3
DBP (mm Hg) 74 £2 75+2 74 £2
Total cholesterol (mg/dL) 186.7 £ 5.9 1914+ 6.8 1723 +11.6
LDL-C (mg/dL) 121.5+ 4.6 126.8 +5.0 1049+ 8.8
HDL-C (mg/dL) 575+2.7 53.6 +2.7 68.2+54
Triglycerides (mg/dL) 75.4+7.5 83.6 +9.7 52.8+3.4
Fasting glucose (mg/dL) 86.7+1.1 88.2 +1.3 82.7+1.6

Values are mean + SE for continuous variables. BMI indicates body mass index; SBP indicates Systolic Blood
Pressure, DBP indicates Diastolic Blood Pressure; LDL-C indicates Low-Density Lipoprotein cholesterol; HDL-C
indicates High-Density Lipoprotein cholesterol.

Owing to the aqueous nature of the plasma samples, LC was the most
convenient chromatographic separation technique. Furthermore, due to the
high sensitivity of the instrument employed, only a low volume injection was
possible (1 uL). This allowed the samples extracts (ACN:H-0, 80:20 v/v) to
be directly injected not only in HILIC, where the initial chromatographic
conditions were predominantly in the organic phase; but also in RP, without
the need to evaporate and redissolve in a more suitable solvent mixture
(predominantly aqueous medium). RP and HILIC were employed to detect as
many compounds as possible, in positive (pos) and negative (neg) ionization
modes. RP (C18 column) is more suited to nonpolar hydrophobic molecules
and HILIC (silica-based column) for polar hydrophilic compounds. Finally,
we obtained four data sets for the samples under study (RP pos, RP neg,
HILIC pos and HILIC neg).
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All data were acquired in HDMSE, where, apart from the DT (ms)
measurement by ion mobility, LE and HE spectra were also acquired
simultaneously, obtaining precursor ion information and full-scan accurate
mass fragmentation information, respectively. Therefore, at the end of the
analysis, a four-dimensional data matrix was obtained, which allowed each
feature to be characterised by means of the retention time from
chromatographic separation, the intensity, the CCS calculated from the DT
together with the accurate mass and fragmentation spectra. Moreover, the
cleaned HE spectra afforded by the DT separation enhanced the structural
elucidation since it only shows the fragments that have been generated from
a “precursor” ion with a given DT. This is because the ion mobility separation
prior to the fragmentation ensures that the precursor ion shares the same DT
as its fragments on the three-dimensional plots, allowing one to align the
feature and its fragments and reduce the interference of co-eluting

components, thus rendering a HE spectra of MS/MS quality.
3.2. Data Processing and Analysis

The four data sets (RP pos, RP neg, HILIC pos and HILIC neg) were
acquired with UNIFT software (Waters, UK) and the raw data were exported
to *.uep format (unifi export package). To the best of our knowledge, there is
no program but Progenesis QI (NonLlinear Dynamics, Waters, Uk) able to
interpret this data format and process four-dimensional data (RT, m/z, area
and CCS) for -omics purposes. The processing workflow in Progenesis QI
starts with data import, followed by retention time alignment, peak picking
and normalisation. The alignment score values for all runs were higher than
85 % and normalisation was performed using all compounds. The peak
picking resulted in the detection of 6951, 6238, 5283 and 4479 ions in RP
pos, RP neg, HILIC pos and HILIC neg, respectively. According to the adduct
ions specified, the deconvolution tool allowed us to group the features coming
from the same compound and annotate them under a single label
(dex.xx_yyy.yyyyn, xx.xx being the retention time in minutes and yyy.yyyy
the exact neutral mass when more than one adduct ion is found for the same
compound; or xx.xx_zzz.zzzzzm/z, zzz.zzzz being the exact mass of the single

ion found).
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Figure 1. PCA score plot component 1 vs. component 2 of Hydrophilic Interaction
Liquid Chromatography (HILIC) in positive ionization mode, explaining the 20.6 % and
17.7 % of the variance, respectively. The purple points (14 QC samples) are grouped and
centred in the plot. Four plasma samples were obtained from each of the 30 participants
obtaining 30 samples per group. A total of 120 plasma samples were analysed. The
samples obtained at t = 0 h and t = 4 h after the intake of an isocaloric beverage (IB) and
the samples obtained at t = 0 h and t = 4 h after orange intake are coloured in green,
blue, black and orange, respectively.

PCA was applied to each data set, so providing a non-supervised
exploratory visualisation of the results to detect possible outliers and to
ensure that the differences between the groups were not coming from the
instrumental drift over time or error in the data treatment. For this purpose,
QC injections were injected at the beginning of the batch for column
conditioning and after every 10 samples. The QCs (n = 14 per data set) should
be grouped in the centre of the PCA plots, as they behave as an “average
sample” (pool of all the samples analysed) and thus demonstrate the correct
acquisition of the data, as well as that the differences between the groups are
not caused by instrumental processing. Figure 1 shows the PCA of the HILIC
pos data set, where non-inherent differentiation between the group of
samples can be observed. Although, the grouping of the QC samples near to
the centre of the plot proves the proper performance of the analytical system
along the run. PCA plots of the data sets HILIC neg, RP pos and RP neg are
shown in Figures S1—-S3 respectively.

134 Nutrients 2020, 12,1916; doi: 10.3390/nul2071916



3.2 Scientific article III

As this was a crossover trial, control samples of each participant were
collected and a “Within-subject Design” comparison performed. In this type
of experimental design, where samples of each participant are taken in
different conditions, not only must the time the sample was taken be
specified, but also which subject it came from. In these cases, standard
ANOVA is not appropriate because data violates the independence ANOVA
assumption and a repeated measures ANOVA should be applied. The data
were filtered by means of repeated measures ANOVA p-value < 0.05 to
reduce the individual differences and focus on the potential markers. Thus,
the data matrices were reduced to 262, 302, 298 and 149 relevant features in
RP pos, RP neg, HILIC pos and HILIC neg, respectively. These reduced data

sets were joined into a single file (1011 features data matrix).

The next step was to apply a supervised multivariate statistical method
by means of PLS-DA modelling to highlight the differences between the
preselected groups. This analysis was applied to the compendium of the
reduced data sets per ANOVA. Figure 2 shows a remarkable discrimination
between samples taken after orange consumption and those obtained in
fasting or after isocaloric beverage intake (with 38.3 % of the variance

explained with two components).

Moreover, these last three groups are mixed and behave in a similar
way. Thus, an OPLS-DA was applied contrasting the samples collected 4 h
after orange intake vs. the other samples (Figure S4 shows the scatter plot
of the OPLS-DA). From OPLS-DA an S-Plot was generated (Figure 3), each
feature being assigned a number between -1 and 1 according to their
discrimination power between the two groups called p(corr). Consequently,
the most relevant features in the discrimination are in the extreme parts of
the plots: those with a higher presence in the orange intake sample have a
p(corr) near to 1 and those significant for the other group have a p(corr) near
-1. To ensure the validity of these features as possible markers, a PCA
analysis was conducted with only the 43 highlighted features in the S-Plot as
variables. As can be noticed in Figure S5, the samples obtained before and
after the isocaloric beverage and the samples before the orange consumption
are clustered and completely separated from the samples obtained 4 h after
the orange intake. Figure 3 shows that, from the total of 1011 features, only
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43 from all data sets with a repeated measures ANOVA p-value < 0.05 were
highlighted as discriminatory between the samples after orange consumption
and the group of composite samples without orange intake with a p(corr) =
|0.6]. Nevertheless, the list of possible markers could be reduced still further
to seven features for various reasons. For example, two features higher in the
orange sample with the same exact mass and the same CCS (127.18 A2?) but
different retention time (HIpos_5.02_143.0941n and
RPpos_0.64_143.0947n, with p(corr) = 0.96 and 0.92, respectively)
corresponded to the same compound, but detected under HILIC and RP
separation. In other cases, some types of ions (such as dimers) had not been
specified for the Progenesis QI deconvolution step, and therefore these

adducts could appear as independent features in the statistics.

500 1B t=0h -
W IBt=4h
MW Orange t=0h

400 Orange t=4h

300
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100

12
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-400 T T
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1]

Figure 2. PLS-DA score plot based on the features with repeated measures ANOVA p-
value < 0.05. A 2D vision component 1 vs. component 2 with 24.5 % and 13.8 % of the
variance explained, respectively. The samples obtained at t = 0 h and t = 4 h after the
intake of an isocaloric beverage (IB) and the samples obtained at t = 0 h and t = 4 h after
orange intake are coloured in green, blue, black and orange, respectively.
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Figure S4. OPLS-DA score plot based on the features with repeated measures ANOVA
p-value < 0.05, where the 94 % of the total variance is explained. The samples obtained
att =0 h and t = 4 h after the intake of an isocaloric beverage (IB) and the samples
obtained at t = 0 h are marked as “others” group and coloured in black; while samples
obtained t = 4 h after orange intake are coloured in orange.
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Figure 3. S-Plot from the OPLS-DA where features with repeated measures ANOVA
p-value < 0.05 are represented. Tentative markers with a p(corr) higher than 0.6 are
highlighted in orange and lower than 0.6 in blue.
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Figure S5. PCA score plot component 1 vs component 2 obtained with the 43 features
highlighted in the OPLS-DA with a p(corr) = |0.6|, explaining the 79.3 % and 9.6 % of the
variance, respectively. The samples obtained at t = 0 h and t = 4 h after the intake of an
isocaloric beverage (IB) and the samples obtained at t = 0 h and t = 4 h after orange
intake are coloured in green, blue, black and orange, respectively.

3.3. Elucidation Process

A total of 7 statistically representative compounds were tentatively
identified (Figure 4, Table 2) as early markers of orange consumption in
plasma. In order to accomplish the elucidation, the HDMSE spectra were
studied to determine the candidate identity based on mass accuracy and both

parents and fragment ions.

Marker 1 elucidation workflow was selected as an illustrative example
of the elucidation process. Figure 5 shows the differences obtained in the
mass spectra when it is filtered or not by the DT of the parent ion (4.97 + 0.21
ms). The ion mobility separation prior to the fragmentation implies that both
parent and fragment ions will have the same recorded DT. Hence, it is
possible to filter the target ion by DT and obtain cleaner spectra without
interfering ions appearing at the same retention time for the LE spectrum and
without co-elutant fragments in the HE spectrum. The possibility of
visualising only “product” ions derived from a specific “precursor” ion, allows
us to obtain a quasi-MS? spectrum, without the need for reinjecting the
samples.
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Orange consumption short-term biomarkers of orange consumption structure proposals
Marker 1_Synephrine Marker 2_N-methyltyramine Marker 3_Hesperitin hydrogen | Marker 4 N-methyl-proline
hydrogen sulfate hydrogen sulfate sulfate
o . | .
H N. ©
[onaiRPoanIve |
0 3 Vo . N
i 00 .
oy \0
© o OH
Marker 5_Betonicine Marker 6_Stachydrine Marker 7_Possible RT2.76 [146.0806]", structure proposals
5 [}
\/ i o N L
N \/ OH OH
o N
o
HO'
HO OH
4-(hydroxymethyl)pyrrolidine-2-
4-hydroxy-n-methylproline carboxylic acid

Figure 4. Tentative structures and identity of the makers elucidated.

However, information was also obtained from the unfiltered spectra.
Since the adduct ions are formed before ion mobility separation, their DT
could be different, and therefore they would not be shown in the DT filtered
spectrum. In the case of Marker 1 (HIPOS_2.17_247.0510n, p(corr) = 0.64),
as can be seen in Figure 5A, the dimers [2M+H]* and [2M+Na]* are also
present, as dimers were not selected as possible “adduct” ions in the
Progenesis QI deconvolution, but were assigned as independent features.
These features were also highlighted as discriminant in the OPLS-DA with a
p(corr) > 0.6.

Marker 1 was also found in HILIC neg analysis
(HINEG_2.22_246.0434m/z) with different ion forms. The extracted ion
chromatograms for the ions and dimers founded corresponding to this
marker are shown in Figure S6, and all of them are highlighted as markers.
The most likely elemental composition for this marker was found to be
CoH17NOsS (error: —0.4 and —0.07 mDa in positive and negative HILIC
analysis, respectively). The mean retention time across the samples was 2.2
min and CCS value 158.27 A2 and 155.40 A2 for protonated and deprotonated
ion, respectively. Figure 6 shows the LE and HE spectra obtained in HILIC
pos and HILIC neg analysis, filtered by the DT of the protonated and

deprotonated ion, respectively.
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In the HILIC pos LE function, an in-source fragment m/z 230.0476
([CoH12NO4S]+, error: —0.7 mDa) corresponding to a neutral loss of H20O (not
very specific fragment) can be seen. From the HILIC neg LE function is
obtained a more specific in-source fragment m/z 148.0762 ([CoH10NO]",
error: —0.7 mDa) corresponding to the neutral loss of H2SO4, a typical loss of
phase II sulfate conjugated metabolites. This ion is also present in the HILIC
neg HE spectrum as a product ion, with m/z 133.0529 ([CsH,NO]", error:
—0.1 mDa) assigned as consecutive neutral loss of CHs, followed by neutral
loss of HCN with m/z 106.0418 ([C7HeO]", error: —0.05 mDa). These ions
were also present in HILIC pos HE spectra in their corresponding positive
adducts m/z 150.0905 ([CoH12NO]J*, error: —0.8 mDa), m/z 135.0673
([CsHoNO]*, error: —0.6 mDa) and m/z 107.0418 ([C7H,O]*, error: —0.2
mDa), among other product ions. After the automated searching in databases
with the UNIFI (Waters) tool, in-silico fragmentation tools and spectra
comparison with data bases as HMDB if it is available, Synephrine hydrogen
sulfate, phase II sulfate conjugated metabolite of synephrine, was the most
likely tentative identification, and this match was supported by the
fragmentation spectra.

Synephrine is a citrus compound and commonly present in dietary
supplements (coming from citrus extracts) used in weight loss, and therefore
its metabolism and toxicity has been extensively studied [47]. Moreover, it
has previously been reported as a biomarker of citrus intake in urine, along
with other metabolites of other flavonoids citrus compounds as Marker 2 and
3, tentatively identified as phase II sulfate conjugated metabolites of N-
Methyltyramine and Hesperitin, respectively (Table 2 and Table 3). These
compounds have been previously studied due to their antioxidants and anti-
inflammatory properties [48,49]. Moreover, hesperitin phase I/11 conjugates
have already been described as major metabolites of other citrus containing

the flavonoids hesperidin and naringenin [50,51].
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In the case of Marker 6, Figure 7 shows the extracted ion
chromatograms and HDMSE spectra in HILIC pos analysis. This marker was
also found in the dead volume in RP pos due to its high polarity,
corresponding to the features  HIpos_5.02_143.0941n and
RPpos_0.64_143.0947n highlighted in Figure 3, among other features
corresponding to dimers. Similar behaviour occurred in Marker 5. These two
markers were the ones with higher p(corr) and abundancy. Therefore, they
are the most differentiating markers present in the plasma samples 4 h after
orange consumption (Table 2). These markers were tentatively elucidated as
Betonicine and Stachydrine (proline betaine). These betaines have been
extensively reported as a citrus intake biomarker in blood and urine (Table
3).
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Figure 7. Elucidation of marker 6 based on chromatograms and HDMSE data
obtained from HILIC pos analysis: (A) extracted ion chromatograms of all adduct and
dimers found, along with the experimental m/z and CCS, (B) LE function, (C) DT filtered
LE function and (D) DT filtered HE function. A proposed structure and fragmentation
are shown.
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Indeed, stachydrine is one of the most commonly used dietary
biomarkers for dietary assessment of citrus intake and it has even been
related to the amount consumed [18,20]. Betonicine has also been detected
in several studies, as well as other betonicines as Marker 4, tentatively
elucidated as N-methyl-proline, due to the close retention time and
fragmentation pattern. Marker 3 had fragmentation spectra similar to the
other betaines reported. Some chemical structures were proposed based on
the amino acid proline, although there are not enough data to propose a
definitive structure (Figure 4). Table 3 shows the available literature

dealing with the biomarkers related to citrus intake.

Despite having linked all these compounds with orange consumption,
it must be emphasised that they are usually exclusive to this type of food.
Stachydrine is the most used biomarker as proof of citrus consumption.
However, in some populations, it has also been detected as a marker for other
foods such as tubers of the vegetable Stachys affinis, also known as Chinese
artichoke [26]. Therefore, previous information of the foods more consumed
in each population is important to select the most specific marker of orange
intake, or even to use a combination of markers, and not just one, in selected
populations. In order to achieve more confidence in tentative identification,
a CCS predictor model machine-based in artificial neural network (ANN)
developed for protonated ions by our group was employed [45]. The CCS
values predicted for protonated ions are shown in Table 2. No prediction for
the other adduct or dimers could be made as this tool is not yet developed for
them. The relative errors obtained with this prediction tool were below 6 %
for 95 % of all CCS values tested. Nevertheless, the results obtained for the
phase II sulfate conjugated metabolites (of synephrine, hesperitine and N-
methyltyramine) were between 5 % and 7 %. This higher error value is
probably due to the lack of glucuronides and sulfate metabolites during the
building of the CCS prediction model. Compared to other markers, good
results were obtained, showing a prediction error below 1 % for stachidrine
and betonicine and below 3 % in de case of N-Methyl-proline and Marker 3.
The CCS predicted in the two structure proposals for marker 3 did not differ
enough to decide between them. The CCS is used as an additional
identification point that allows the identity confirmation. If the CCS is
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different enough it will be able to distinguish between two isobaric and even
isomeric compounds. Nevertheless, there is not enough information and CCS

recompilation to apply this differentiation.

The increasing interest in the CCS as an additional molecular
descriptor for untargeted metabolomic studies lies in its high capability to
improve identification workflows. With IMS, post-ionization separation is
undertaken based on the shape of the compounds and providing CCS as an
additional physicochemical. In contrast to other parameters such as retention
time, this value is highly reproducible since it is not influenced by the nature
of the matrix or the separation employed. Therefore, it is of great importance
to report these results, so that they can be included in compound libraries
and, in this way, potentially improve the very time-consuming identification

step in untargeted metabolomics studies.

Nevertheless, the ideal situation for unequivocally confirming the
identity of the reported markers would be a comparison with a reference
standard. Unfortunately, many of them are not commercially available, or are

very expensive.
4. Conclusions

The potential of the untargeted metabolomics approach, along with the
novelty of UHPLC-IMS-QTOF instruments for food intake biomarkers has
been demonstrated with the tentative elucidation of 7 short-term markers of
orange consumption (Clementines) in human plasma: Stachydrine,
betonicine, N-methyl-proline, as well as phase II sulfate conjugate of
synephrine, N-methyltyramine and hesperitin (only reported as biomarker of
citrus intake in urine). Moreover, the recompilation in databases of CCS as an
additional molecular descriptor, independent from the sample matrix nature
and separation technique, will facilitate the future compound identification
process. The markers have turned out to be indicators of citrus intake, not
just orange. However, oranges (mainly Citrus reticulata and Citrus sinensis)
are the fruits most consumed in the citrus group). The combined use of two
or more of these markers can contribute to increase the specificity of the

citrus intake.
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Figure S1. PCA score plot component 1 vs component 2 of HILIC in negative
ionization mode, explaining the 41.8 % and 14.7 % of the variance, respectively. The
purple points (14 QC samples) are grouped and centred in the plot. 4 plasma samples
were obtained from each of the 30 participants, obtaining 30 samples per group. 120
plasma samples were analysed in total. The samples obtained at t = 0 h and t = 4 h after
the intake of an isocaloric beverage (IB) and the samples obtained att =0 handt=4h
after orange intake are coloured in green, blue, black and orange, respectively.
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Figure S2. PCA score plot component 1 vs component 2 of RP in positive ionization
mode, explaining the 47.1 % and 11.7 % of the variance, respectively. The purple points
(14 QC samples) are grouped and centred in the plot. 4 plasma samples were obtained
from each of the 30 participants, obtaining 30 samples per group. 120 plasma samples
were analysed in total. The samples obtained at t = 0 h and t = 4 h after the intake of an
isocaloric beverage (IB) and the samples obtained at t = 0 h and t = 4 h after orange
intake are coloured in green, blue, black and orange, respectively.
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Figure S3. PCA score plot component 1 vs component 2 of RP in negative ionization
mode, explaining the 28.5 % and 26.7 % of the variance, respectively. The purple points
(14 QC samples) are grouped and centred in the plot. 4 plasma samples were obtained
from each of the 30 participants, obtaining 30 samples per group. 120 plasma samples
were analysed in total. The samples obtained at t = 0 h and t = 4 h after the intake of an
isocaloric beverage (IB) and the samples obtained at t = 0 h and t = 4 h after orange
intake are coloured in green, blue, black and orange, respectively.
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Figure S6. Extracted ion chromatograms of ions present in the LE function of HILIC
pos and HILIC neg analysis. The experimental RT and CCS for each ion form are shown.
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3.3 Medium-term biomarkers of orange intake

Dietary biomarkers are desirable for their ability to assess more
accurately the nutritional intake versus self-reported methodologies,

although its usefulness will depend on the period of time of monitoring.

BFI can be classified as short-term to reflect the intake over the past
hours/days, medium-term over the weeks/months; and long-term markers
to reflect the intake over the months and even years (Hedrick et al., 2012).
This will depend on if it is an exogenous or metabolised compound, its half-
life in the body and if it can be bioaccumulated, among other characteristics.
The selection of the sample could also be important factor for the BFI
monitorization. For example, a hydrophilic exogenous compound that does
not undergoes any biotransformation or degradation in the body has high
probability to be rapidly excreted, being a good short-term BFT in urine. On
the other hand, BFIs accumulated in blood, hair or nails are good as long-

term or repeated exposure markers (Dragsted et al., 2018).

Due to the less complex study design, ease of obtaining adequate
samples and validation, the majority of the studies have been mainly focused

on short-term exposure.

Along with the previous study compiled in Scientific Article III, a
preliminary study of medium-term biomarkers of orange intake was
performed. Contrary to the previous one, it was not a cross-over trial and
therefore the great advantage of reducing inter-subject variations was lost by
not passing the same subject through all study stages. In fact, only 16 subjects
out of 30 who participated in the previous study agreed to participate in this
second phase (aged 24.8 + 3.3 years, 6 females and 10 males). Of those 16, 8
participants agreed to consume approximately 1 orange per day during a
month (“orange” group), while the other 8 subjects assent to avoid citrus
during the same period of time (“control” group). At the end of the month, a

plasma sample was taken.

When a crossover study cannot be contemplated, as in the case of
observational studies, a higher number of samples is normally required in
order to reduce the inter-subject variations. For this reason, this untargeted

metabolomic study for the discovery of medium-term biomarkers of orange
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consumption was considered exploratory and preliminary due to the small

number of subjects participating.

Regarding to the sample treatment, instrumentation and analysis
conditions applied to the samples from the medium-term study, they were
processed in the same way and at the same time as the samples from short-
term study. As data processing was also performed along with short-term
samples, and prior to any kind of sample grouping, the same number of
features as reported in the previous study were detected: 6951, 6238, 5283
and 4479 ions in RP pos, RP neg, HILIC pos and HILIC neg, respectively.
Statistical analysis and elucidation workflow were also identical to the
described in the Scientific Article III.

The first statistical analysis to be performed was the principal
component analysis (PCA). The control of the correct acquisition of the
sample based on the correct centring of the QCs (quality control samples,
pooled sample from the all set of samples analysed) in the PCA can be
observed in Figure 1 of Scientific Article III. The data sets were then
reduced to 2325, 1480, 1314 and 676 in RP pos, RP neg, HILIC pos and
HILIC neg respectively, after the removal of compounds that exhibit a poor
stability with a relative standard deviation (% RSD) below 30 % within the
QCs.

Then, focusing on the medium-term study, “control” and “orange”
samples were grouped, and one-way ANOVA calculation was applied
assuming the independence of each sample followed by a false discovery rate
(FDR), being only 51, 11, 58 and 3 statistically significant features for RP pos,
RP neg, HILIC pos and HILIC neg, respectively. Due to the scarce number of
features that accomplish the ANOVA threshold, only RP pos and HILIC pos

data was used to perform further statistical analysis.

Then a second PCA, only focusing in the medium-term study, was
performed. The PCA score plots of the first two components are shown in
Figure 1, where it can be observed a differentiation between the two groups
in both data sets. Qutliers were not observed attending to the 95 % of
confidence limit of the Hotelling’s T2 Range.
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Figure 1. PCA score plot component 1 vs component 2 for A) RP and B) HILIC, both
in positive ionization mode. The two groups of 8 samples each were analysed, coming
from: control participates with no consumption of citrus during one moth (CONTROL m)
and participants that have consumed one orange daily (ORANGE u). The explained was
both 79 % for RP pos and HILIC pos, respectively.

In order to highlight the most significant features, the supervised
multivariate statistical orthogonal partial least square-discriminant analysis
(OPLS-DA) was employed, where the “control” group was faced to the
“orange” group, obtaining: R2 = 82 % and Q2 = 64 % for RP pos and R2 = 82
% and Q2 = 73 % for HILIC pos. From the OPLS-DA the S-plot was generated
in order to visualise and select the most relevant features. A cut-off of p(corr)
> |0.6] and p/1] loadings = |0.1| were employed to this end in each data set,
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and 1 and 5 features for RP pos and HILIC pos, respectively, were highlighted

as markers for the “orange” group.

Following the same process as explained in the short-term study
article, the highlighted features were carefully reviewed, and it was intended

to give a tentative identification.

When reviewing the possible markers, 3 of the HILIC pos features were
eliminated as putative markers because of the bad peak shape and poor mass
spectra in the raw data. It is not unusual that the automatization of peak
picking and retention time alignment returns some “false peaks” in the data
set created. Usually those “peaks” are part of the noise or coming from a not
well-defined peak, and they could be reduced by changing some parameters
during the peak picking process. This verification is too complicated to be
performed before the statistical analysis to the whole data set. For this reason,

it is compulsory to validate a compound as a marker and provide an identity.

In this regard, a prominent question is “why such features are
highlighted in the statistical analysis?”. As it can be seen above, not many
features passed the ANOVA threshold, and the following statistical analysis
might suffer of over fitting an give more importance to these kinds of features.
Regarding other statistical parameters, the eliminated features presented a
fold change (i.e. the largest deviation of the trend line from the base level)
below 1.2, it is usually recommended a fold change > 1.5, showing that,
although there is a slight difference , it is not really relevant. Moreover, in the
short-term study all the elucidated markers presented a fold change > 10,
some of them even higher than 100, demonstrating a big difference between

the faced groups.

Turning to the 3 features left, the feature HILICpos_3.44_735.6012n
presented a p(corr) of 0.78 and fold change of 1.51. Two adducts were
associated to this compound ([M+H]* and [M+Na]*) and thanks to the
availability of spectral libraries, this compound was tentatively identified as
betaine lipid diacylglyceryltrimethylhomoserine (16:0/ 18:2) (DGTS
(16:0/18:2)), with an elemental composition C44HgiNO7 (-0.1 mDa error)
and CCS of 295.32 A2. The high energy spectra showed a typical product ion
of DGTS lipids at m/z 236.1494, which corresponded to the ion C1oH2005N*
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(-0.4 mDa) generated from the loss of both acyl chains (Alves et al., 2019; Li
et al., 2017). Betaine lipids are common in lower plants, algae and in some
non-photosynthetic microorganisms as bacteria or fungus, being important
constituents of their cell membranes (Sato, 1992). As far as we know, this
type of lipids are not generated by human metabolism but can be generated
by some bacteria. Therefore, it is necessary to stablish the origin of this
metabolite: if it is part of the ingested metabolites, even not being one of the
markers from the short-term study, or on the contrary, if it could come from
the metabolism of the microbiota inherent in the human body. This type of
polar lipids highly present in microalgae have been studied for their potential
anti-inflammatory properties, and therefore, the algae extract as possible
functional foods (Conde et al., 2021; da Costa et al., 2021).

Finally, the most differentiating feature was found in both HILIC pos
(HILICpos_5.02_143.0942n with p(corr) 0.97, fold change 4.53) and RP pos
(RPpos_0.64_143.0947n with p(corr) 0.93, fold change 5.46), being the
same compound. It corresponded to the compound already highlighted in the
short-term study and tentatively identified as Stachydrine (Proline Betaine),
the biomarker most used for the assessment of citrus intake as explained in
the previous study (Scientific Article ITII).

Figure 2 shows the differences in abundance obtained between the
short-term and medium-term study of orange intake. While “short-term
control” (referenced as “Orange t=0 h” in Scientific Article III), “medium-
term control” and “medium-term orange” groups of samples were collected
in the morning after 8 h fasting, “short-term orange” (referend as “Orange
t=4 h” in Scientific Article IIT) groups of samples were obtained 4 h after
the consumption of 500 g peeled oranges, and no other food was allowed
during this time. As it can be observed, the abundance of stachydrine
obtained in the short-term study was four times higher than the one obtained
for the medium-term study. This is probably due to, as it has been
demonstrated in other studies, stachydrine has a relatively short half-life
(Gibbons et al., 2017). Therefore, it seems logical that after a minimum of 8
h without having consumed any citrus, the level of this compound decreases
significantly. Nevertheless, it is still a good marker of citrus consumption at

plasmatic level during this period of time. This compound is naturally found
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at lower level in the human body (Lever et al., 1994). In fact, dimers
([2M+H]* and [2M+Na]*), and even the adduct [M+K]*, are usually formed
when the concentration of this compound is relatively important. However,
in the control groups of both studies only the [M+H]* and [M+Na]* were

detected, which denotes the low concentration found.

Stachydrine
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Figure 2. Comparison of the normalised abundance of Stachydrine in both studies. In
green shades the average abundance obtained from the control samples in short-term
and medium-term study; and in orange shades the average abundance for the samples

after the orange intake of short-term and medium-term study.

In this study it has been demonstrated the breakthrough of IMS
implementation in HRMS instruments in the medium-term biomarkers
identification process. On the other hand, despite the fact that the work
carried out is very useful at exploratory level, the results obtained showed that
additional knowledge and a more elaborated experiment design are required
to obtain robust medium/long- term BFI of orange. The main changes
advisable to apply would be to perform a cross-over trial as in the short-term
study; and increase the range of participants and lifestyle. In addition, the
ideal situation will be to increase the sampling points during the month, to
obtain information about the evolution of the markers; and at least 1

sample/month during a year to assess their validity as long-term BFI.
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4.1 Introduction

In last decades, nutrition research has shifted from a focus on providing
enough food to nourish people to being a potential health promoter. Scientific
research has not only been limited to food-related areas such as quality
management, safety and traceability, but intrinsically related to health
(Braconi et al., 2018). Nowadays, one of the main objectives in the nutrition
field is to increase the knowledge about the role of ingested compounds at the
molecular level (i.e. interactions with genes, proteins and/or metabolome).
Thanks to this knowledge, advanced strategies could be developed to
manipulate cellular functions through diet or the ingestion of certain foods
could be advised, with its consequent impact on health (Garcia-Caias et al.,
2010). In addition, it has increased the interest of the food industry in the
development of new food products containing high concentrations of
compounds with reported biological activity beneficial to health (e.g.
nutraceuticals, food supplements or functional foods) (Fernandez-Ochoa et
al., 2021).

On one hand, the role of metabolomics in this area is focused on the
food products characterization with special interest in putative bioactive
components (Mancano et al., 2018). This has been carried out mainly by
targeted metabolomics based on the investigation of families of compounds
with reported bioactivity, such as polyphenols (Puiggros et al., 2011).
Although the number of untargeted metabolomic studies for this purpose is
gradually increasing, it should always be accompanied by consecutive clinical
trials to determine the bioactivity of the reported markers (Claus, 2014). On
the other hand, untargeted metabolomics has been widely applied in the
research of metabolic alterations produced by diet, the intake of certain
nutrients or bioactive food constituents. Biomarkers derived from these
studies could be both exposure biomarkers (exogenous or metabolised,
employed for the assessment of intake) and biomarkers of effect on the body
that could even be indicative of health/disease status (Pico et al., 2019).

It is widespread the use of in vitro assays or in vivo animal models on
the research of mechanism of action of specific nutrients, food or diets; as the

bias can be reduced due to the possibility of controlling environmental factors
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as well as their genetical homogeneity. Moreover, animal models make
possible to analyse various biofluids and tissues, some of them not feasible in
humans trials (Braconi et al., 2018; Cifuentes, 2013).

Among the diseases whereby the intake of certain foods has an effect
on their status, there are some in which their development is intrinsically
related to diet. The so-called diet-related diseases include a great variety of
diseases and disorders that affect different organs and systems (diabetes,
cardiovascular and cerebrovascular diseases, diverse cancers, metabolic
syndrome and obesity, etc); and they compose one of the major causes of

mortality worldwide.

Liver steatosis or non-alcoholic fatty liver disease (NAFLD) is a high
incidence metabolic disease characterised by fat accumulation in the liver
that affects 20-30 % of world population, with high probability to progress to
more severe diseases as steatohepatitis, cirrhosis or even cancer (Masarone
et al., 2021). Hence the interest in using untargeted metabolomics is double,
for phenotyping this disease as well as for developing intervention nutritional
studies aimed to generate an improvement in health status and delay the
disease progression.

In the present chapter, untargeted metabolomics was applied to study
the effects of pterostilbene and resveratrol supplementation to rats with
induced liver steatosis (Scientific article IV). This work arose in
collaboration with the research group from the department of nutrition and
food science from University of the Basque Country (Spain). In the research
article by Gomez-Zorita et al. (2020) they demonstrated the similar
prevention and reduction effects of pterostilbene and resveratrol on oxidative
stress and inflammation in liver steatosis (Gémez-Zorita et al., 2020). This
consecutive study uses the advantages offered by IMS-HRMS in untargeted
metabolomics to analyse the differences induced by the treatments with both

compounds in the liver metabolome
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Abstract

Untargeted metabolomics approach with the novel combination of ion
mobility separation coupled to high resolution mass spectrometry (IMS-
HRMS) have been applied in order to determine the impact of resveratrol and
pterostilbene treatment on the metabolic profile of the Wistar rats liver with
induced liver steatosis. Having studied previously the effect that resveratrol
and pterostilbene had on the development of liver steatosis, the aim of this
study is to determine the metabolic changes that occur in rat liver with
diet-induced NAFLD (Non-Alcoholic Fatty Liver Disease) by administration
of these compounds. RP-LC and HILIC in both ionisation modes were
employed to analyse the liver samples (n = 40) from Wistar rats fed with four
experimental high-fat and high-fructose diet (HF), supplemented or not with
resveratrol (RSV30, 30 mg/kg/day) or pterostilbene (PT15 or PT30, 15 or 30
mg/kg/day, respectively). After univariate and multivariate statistical
analysis, a total of 34 endogenous compounds present in the liver were
elucidated as markers of the different administrated diets. Despite the
similarity in the chemical structure between the two phenolic compounds
under study, significantly different results were obtained regarding the
changes induced in liver metabolism with NAFLD by their supplementation.
Samples from resveratrol treatment revealed an alteration in phospholipid
metabolism with 17 lysophospholipids highlighted as markers, while rats
treated with pterostilbene showed a differentiating in vitamins and
derivatives, among others. The IMS has demonstrated to be an improvement
in the elucidation process and it has allowed the measurement of collision
cross section value (CCS) as additional structural descriptor which could be
compared with available libraries and provide more confidence in the

identification.
Keywords

Untargeted Metabolomics, Ion Mobility, HRMS, Resveratrol,
Pterostilbene, Liver Steatosis
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1. Introduction

Foodomics is a relatively new discipline that has arisen as a result of
the application of advanced analytical techniques (omics tools) and
bioinformatics to nutritional and food research (Cifuentes, 2013). Among the
omics tools, untargeted metabolomics (or metabolomic fingerprinting)
approaches aim to compare patterns or fingerprints of metabolites that
change a biological system or state in response to endogenous (genetics,
disease...) or exogenous (environment, diet...) phenomena or condition
(Lacalle-Bergeron et al., 2021).

As a result, this methodology can be a useful tool to seek new
biomarkers in many working areas. Thus, it can provide biomarkers of
diagnosis in several diseases highly prevalent in our society such hepatic
steatosis (Karu et al., 2018), characterised by the accumulation of
triglycerides in the liver (Madatali Abuwani et al., 2021), biomarkers of
prognosis to identify the evolution of several diseases (Wang et al., 2011),
such as the evolution of liver steatosis to steatohepatitis or cirrhosis
(Lewinska et al., 2021; Pirola & Sookoian, 2018) and biomarkers to
characterize the effects of treatments (i.e. diet, drugs,).

Regarding treatments, an emerging working area is the study of
bioactive compounds with beneficial effects on health, which are either
naturally present in food stuffs or artificially added, as in the case of
“functional foods”. In this context, the beneficial properties of phenolic
compounds, present in fruits and vegetables, have been extensively studied.
Thus, resveratrol (3,5,4’-trihydroxystilbene) is one of the most studied
natural polyphenols with reported antioxidant and anti-inflammatory effects
(Gimeno-Mallench et al., 2019). Nevertheless, it shows a low bioavailability
due to the strong phase II metabolism that suffers. In turn, pterostilbene is a
dimethoxy derivative of resveratrol, also showing antioxidant and anti-
inflammatory effects; but higher bioability (Kapetanovic et al., 2011; Koh et
al., 2021).

A key part of untargeted metabolomics is the characterisation of the
wide variety of compounds that may be involved in the subject of study in

complex and diverse biological matrices (Wolfender et al., 2015). This issue
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can only be addressed with sufficiently sensitive and selective instruments,
such as the hyphenation of chromatographic separations with high resolution
mass spectrometry. The availability of compound libraries for metabolite
identification, and tools and knowledge for data analysis and interpretation

are also necessary (Vivanco et al., 2011).

Liquid chromatography coupled to high resolution mass spectrometry
(LC-HRMS) in combination with untargeted metabolomics approaches has
been widely employed in nutrition area, for instance to reveal the metabolic
changes caused by the consumption of certain foods or bioactive compounds
(Fu et al., 2022; Lacalle-Bergeron et al., 2020). On the one hand, liquid
chromatography (LC) allows the use of a wide range of separation
mechanisms because of the large variety of stationary phases available. In
addition, it is more adequate for biological matrices due to their aqueous
composition, requiring a less complex sample preparation for analysis than
other chromatographic techniques such as gas chromatography (Segers et al.,
2019). On the other hand, high resolution mass spectrometry (HRMS) is the
most suitable option for the detection and identification of small metabolites
owing to its high sensitivity and selectivity as well as the acquisition of
accurate-mass full-spectrum data (Castro-Puyana et al., 2017). Moreover, the
continuous improvements in instrumentation have allowed the incorporation
of ion mobility spectrometry (IMS) to HRMS instruments, providing an
additional structural information and enhancing the characterisation of the
biomarkers (Segers et al., 2019). This technique provides the collision cross
section value (CCS, A2) of each ion, an additional characterisation parameter,
based on the measurement of drift time (DT), which is dependent of the
individual size, shape and charge of each ion (Mairinger et al., 2018). In
addition, IMS cell layout prior to hybrid HRMS analysers allows High
Definition MSE acquisition (HDMSE). In conventional MSE, where accurate-
mass full-spectrum at low collision energy (LE) and high collision energy
(HE) are acquired sequentially, information about the precursor ion and
product ions is provided in a single injection. The incorporation of IMS data
opens up the possibility to obtain cleaner fragmentation spectra without co-

eluting ion fragments by filtering with the DT, as it is recorded for the
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precursor ion of the LE spectra and linked to its product ions in the HE
spectra (Paglia & Astarita, 2017).

The present work’s aim was to apply an untargeted metabolomics
approach, using UHPLC-IMS-HRMS, to perform a comparative study of the
effects of pterostilbene and resveratrol on liver metabolome in rats showing
liver steatosis induced by a diet rich in saturated fat and fructose, as well as
to explore the capabilities that the IMS brings to conventional LC-HRMS in
the identification of biomarkers.

2. Materials and methods
2.1. Chemicals and reagents

The solvents methanol and acetonitrile at LC-MS grade were purchased
from Scharlab (Barcelona, Spain), as well as the eluent additive formic acid
for LC-MS and reagent grade ammonium acetate. HPLC-grade water was
obtained with Milli-Q water purification system (Millipore Ltd., Bedford, MA,
USA). Leucine-enkephalin HPLC-grade (mass-axis recalibration) and
analytical standards of riboflavin, cytidine, 1-methylnicotinamide,
xanthosine, asymmetric dimethylarginine and docosahexaenoic acid were
purchased werewas purchased from Sigma-Aldrich (Saint Louis, MO, USA).

2.2. Animals and study design

The experiments and animal protocols were approved by the Ethical
Committee of University of the Basque Country (document reference
M20_2015_245 CUEID), following the European regulations (European
Convention-Strasburg 1986, Directive 2003/65/EC and Recommendation
2007/526/EC).

The study design is extensively described in Gomez-Zorita et al., 2020
(Gbémez-Zorita et al., 2020). For this purpose, fifty male Wistar rats (6-week-
old, 140-150 g) were housed in pairs in polycarbonate cages, after a 6-day
adaptation perior, under controlled conditions of temperature (22 + 2 °C) and
12 h light-dark cycle. The rats were randomly assigned to five groups (n =
10/group): the control group (CC) was fed with a healthy balanced diet
(commercial standard diet AIN-93G, OpenSource Diets, Gentofte, Denmark,
D10012G); the high-fat and high-fructose group (HF) was fed with a diet
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containing 40 % of lipids and 22 % of fructose (OpenSource Diets, Gentofte,
Denmark, D09100301); the PT15 and PT30 groups were fed with the same
high-fat and high-fructose diet supplemented with pterostilbene in the
amounts needed to provide doses of 15 mg/kg body weight/day (PT15) or 30
mg/kg body weight/day (PT30), and the RSV30 group was fed with the same
high-fat and high-sucrose diet supplemented with resveratrol in the amount
needed to provide 30 mg/kg body weight/day. During the experiment, all
animals had ad libitum access to food and water. Food intake and body
weight were recorded on a daily basis.

After the 8 weeks of experimental period, the animals underwent 12-
hour fasting and sacrificed by cardiac exsanguination under anaesthesia
(chloral hydrate).

2.3. Liver sampling and sample treatment

After exsanguination, livers were weighted and dissected into lobes that
were individually stored at -80 °C until analysis. For this analysis the same

lobe of each liver was used.

For sample treatment, 0.5 mL of cold water:methanol (1:1) was added
to ~100 mg of liver sample and triturated. Then, 0.5 mL of cold
water:methanol (1:1) were added again and mixed with a Vortex for 45 min.
After another 45 min in a cold ultrasound bath and centrifuging at
12,000xrpm and a radius of 5.5 cm, 8855 g (RCF), for 30 min at 4 °C, the
supernatant was divided into 3 aliquots: two vials of 300 uL were stored at
—-30 °C, one vial of 200 pL was stored at —80 °C. Moreover, the Quality Control
sample (QC) was generated by pooling and mixing 50 uL of each sample

extract.

Samples were randomly injected into the UHPLC-IMS-QTOF MS
system in order to compensate/reduce potential instrumental drift.
Assuming that QC is a representative average sample formed by a pool
equivalent aliquot of all final sample extracts, it was used for both column
stabilisation purposes (by 10 QC injections at the beginning of each sample
batch for RP-L.C and 15 for HILIC) and, following by the injection every 10

samples, to control possible instrumental drift throughout the sequence

2.4. Instrumentation
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Samples were analysed using ultra-high performance liquid
chromatography (UHPLC) with a Waters ACQUITY UHPLC I-Class system
(Waters, Milford, MA, USA) coupled to a VION® IMS QTof (Waters,
Manchester, UK), using an electrospray ionisation interface operating in both
positive (ESI+) and negative (ESI-) mode. Equipment control and data
acquisition and processing were performed using UNIFI software (V.1.9.2,
Waters, Manchester, UK).

Two chromatographic separations were employed to cover a wider
range of compound polarities. Reversed Phase Liquid chromatography (RP-
LC) was used with a CORTECS® C18 fused-core 2.7 um particle size
analytical column 100 x 2.1 mm (Waters), whereas a CORTECS® HILIC
fused-core 2.7 um particle size analytical column 100 x 2.1 mm (Waters) was
employed for Hydrophilic Interaction Liquid Chromatography (HILIC). For
both types of liquid chromatography and both ionisation modes, gradients
elution were performed at 0.3 mL/min flow rate, 40 °C column oven

temperature and 1 pL sample injection volume were selected for.

The RP-LC gradient elution was performed using water (A) and
methanol (B) as mobile phases, both with 0.01 % of formic acid, changing as
follows: 10 % B at O min to 90 % B at 14 min, 90 % B at 16 min, and 10 % B
at 16.01 min, with a total run time of 18 min. The same gradient was

employed for both ionisation modes.

For HILIC separation, mobile phases acetonitrile:water (95:5, v/v) (A)
and water (B), both with 0.01 % formic acid and 10 mM ammonium acetate,
were employed. The gradient started with 2 % B until 1 min, 60 % B at 10
min, 60 % B at 12 min and finally 2 % B at 12.01 min, with a total run time of
15 min. This gradient was the same for both ionisation modes.

The ESI operated at a capillary voltage of 0.7 kV and 2.00 kV for
positive (ESI+) and negative (ESI-) electrospray ionisation mode,
respectively. In both cases the cone voltage was 30 V, source temperature was
set to 120 °C and desolvation gas to 550 °C with a flow rate of 1000 L/h.
Nitrogen was used as the desolvation gas, nebulizing gas, mobility gas and
collision gas. The mass spectrometer was operated in ion mobility (HDMSE)

mode for acquisition in both polarities over an m/z range of 50—-1000 Da and
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a scan time of 0.3 s. In HDMSEF experiments, two acquisition functions were
acquired simultaneously: low-energy function (LE), with a fixed collision
energy of 6 eV, and high-energy function (HE) with a collision energy ramp
from 28 to 56 eV.

Calibrations of mass axis and DT were performed monthly with the
“Major Mix IMS/T of calibration kit” supplied by the vendor (Waters) and
Leucine-Enkephalin solution (100 ug/L acetonitrile:water (50:50, v/v)
containing 0.01% formic acid) was employed for continuous recalibration of
the mass axis and ensure the robust accurate mass measurement along

chromatographic runs.
2.5. Data processing and statistical analysis

The raw data (.uep, UNIFI, Waters) were imported to Progenesis QI
(v.2.5, Nonlinear Dynamics, Newcastle, UK) for baseline filter, peak
alignment and other data analysis. The software automatically performs 4D
peak picking (based on the intensity, m/z, retention time and DT), retention
time alignment using QC replicates as reference (except for the first 9 QC
injections used for column stabilisation in RP-LC or first 14 QC injection for
HILIC); and response normalisation. The peak picking conditions were set as
follows: all runs, limits (automatic), sensitivity (automatic, level 2),
chromatographic peak width (minimum peak width of 0.1 min), and
retention time limits (0.3 to 17 min and 0.3 to 12 min, for RP and HILIC
respectively). To apply the deconvolution tool, the selected adducts ions
forms [M+H]*, [M+Na]+, [M+K]+, [M-H.O+H]*, [2M+H]* and [2M+Na]+
were selected for positive ionisation analysis; and [M-H]-, [M-H>O-H]-,
[M+Cl]-, [M+FA-H]- and [2M-H]- for negative ionisation analysis. Samples
were originally divided into 5 groups (CC, HF, RSV, PT15 and PT30) in the
“Experimental Design Setup”, following the “Between-subject Design”
comparison (samples from a given subject appear in only one condition). The
software will then perform a One-way ANOVA calculation assuming the
independence of each sample followed by a false discovery rate (FDR)
optimisation approach; to test the differences among the experimental
groups. The levels of statistical significance were set at 95 % level (p-value <
0.05).
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The processed data were then directly exported to EZinfo (V.3.03,
Umetrics, Sweden) for multivariate statistical analysis. Firstly, Principal
Component Analysis (PCA), an unsupervised analysis, was applied to ensure
the correct grouping of the QC replicates samples in the centre of the plot
after normalisation and the absence of outliers. Then, Partial Least Square—
Discriminant Analysis (PLS-DA) was conducted to maximize the separation
between the groups and the validation of the model was performed by
leaving-1/7-out cross-validation approach. Ultimately, an Orthogonal PLS-
DA (OPLS-DA) was carried out to highlight the most robust markers
(threshold p(corr) = |0.6| and p/1] loading = |0.1]).

2.6. Elucidation workflow

The most significant markers highlighted in the OPLS-DA were
tentatively elucidated based on their accurate masses, DT filtered HE spectra
information and CCS (42). The search in reliable mass spectra databases as
Metlin, HMDB and Lipid Maps allowed the annotation of metabolites,
comparing the HE spectra to the available ones or to in-silico fragmentation
spectra. In addition, CCS libraries were also employed. The final identity
could only be confirmed by comparing the retention time, fragmentation and
CCS with a commercially available standard. When not available, CCS values
were predicted by means of our CCS prediction model (Bijlsma et al., 2017)
(Celma et al. 2021 Analytical Chemistry submitted) aimed at providing
additional identification confidence. Different levels of confidence in
metabolite identification were employed according to Schymanski et al.
(2014) classification (Schymanski et al., 2014) updated including ion
mobility separation as an additional parameter for more reliable
identification in Celma et al. (2020) (Celma et al., 2020).

3. Results and discussion
3.1. Sample treatment

Regarding the sample treatment, in comparison to fluid biological
sample matrices, a special care has to be taken in the pre-treatment,
homogenisation and metabolite extraction stages from a tissue. Firstly, to
avoid metabolome changes due to temperature and enzymatic activity, more

probable in tissues, the storage and transport of liver samples were kept at -
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80 °C until analysis. It was intended to perform all the sample treatment
under low temperatures conditions as possible, using previously cooled
solvents and employing instrumentation able to work under low temperature
condition. Especially larger stages of vortex and ultrasound sonication, in
comparison to biological fluids as plasma or saliva, were employed to
maximise the homogenisation and to perform and exhaustive solvent-

extraction of the metabolites.

A mixture of water:methanol (50:50, v/v) allowed to maximize the
polarity coverage of the metabolites and the use of methanol in the mixture
eliminated macromolecules (nucleic acids and proteins) present in the
sample by deproteinisation and, thereby, focus on the low-weight molecules
(metabolites). After the centrifugation to eliminate the solid residues and
precipitated proteins, the resulting extract was directly injected in both
chromatographic separations (RP and HILIC) without the need for additional
evaporation and redissolution in more suitable solvents. This was possible
due to the low injection volume needed (1 pL) as a consequence of the high
sensitivity of the UHPLC-IMS-QTOF MS instrument. Two different LC
separations were employed to detect as many compounds as possible, in
positive (pos) and negative (neg) ionisation modes. RP (with a C18 column)
is suited for nonpolar hydrophobic metabolites and HILIC (silica based
column) for polar hydrophilic compounds. Therefore, four sample batches
were performed: RP pos, RP neg, HILIC pos and HILIC neg. To avoid bias
during the analysis the sample extracts were randomly injected and QC
samples were injected every 10 samples for instrumental drift control and

normalisation.

The data were all acquired in HDMSEF, where the ion mobility DT
measurements are combined with the information of the LE and HE spectra
acquired simultaneously, obtaining information from the precursor ion and
full-scan accurate mass fragmentation, respectively. Therefore, a 4D data
matrix was obtained at the end of the analysis, allowing to characterize each
feature by the retention time from the chromatographic separation, the CCS
calculated from the DT, the accurate mass and fragmentation spectra; and
intensity. As the ion mobility separation is prior to the fragmentation, the

“precursor” ion shares the same DT than its fragments on the three-
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dimensional plots, allowing to align the feature with its fragments and reduce
the interference of co-eluting “precursor” ions. Therefore, DT is especially
useful not only as characterisation parameter but also to obtain cleaner HE
spectra of almost MS/MS quality as it allows to only shows the fragments that
have been generated from a “precursor” ion with a given DT, and therefore,

enhancing the structural elucidation.
3.2. Data processing and statistical analysis

The data were acquired with UNIFT software (waters, UK) and the raw
data were exported to *.uep data format (UNIFI export package) to be then
processed by Progenesis QI (Nonlinear Dynamics, UK). To the best of our
knowledge, it is the only program able to interpret and process the four-
dimensional data (RT, m/z, area and CCS) for —omics purposes. After the
data import, processing with Progenesis QI starts with retention time
alignment, peak picking and normalisation. All the samples were successfully
aligned with a score greater than 85 % and the normalisation was performed
using all compounds. The peak picking of the four data sets RP pos, RP neg,
HILIC pos and HILIC neg resulted in the detection of 4683, 2800, 4231 and
2135 features, respectively. Those data set were reduced to 3298, 2468, 2439
and 1437 respectively, after the removal of compounds that exhibit a poor
stability with a relative standard deviation (% RSD) above 30 % within the
QCs. The deconvolution tool allowed to group the features coming from the
same compound, according to the adducts specified in the processing, and
annotate them under the same label (xx.xx_yyy.yyyyn, xx.xx being the
retention time in minutes and yyy.yyyy the exact neutral mass when more
than one adduct ion is found for the same compound; or xx.xx_zzz.zzzzzm/z,

zzz.zzz7 being the exact mass of the single ion found).

Multivariate unsupervised analysis PCA was then applied to each data
set as exploratory visualisation of the results in order to observe trends,
groupings and/or outliers. Firstly, QC replicates injected after every 10
samples (n = 9 per data set) should be clustering in the centre of the PCA
score plots. Because they are a pool of all analysed samples extracts, they
should act as an “average” sample and thus demonstrate by highlighting that
the difference between the groups are not caused by instrumental drift, and

therefore, the correct acquisition of the data. Figure 1 shows the PCA score
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plot obtained for the four data sets, where the correct clustering of QC
replicates is evident in all of them, proving the proper performance of the
analytical system along all, four runs. As it can be observed there is also a
clear differentiation of the liver samples of rats that had been given a standard
diet (CC) from those that were fed with high-fat high-fructose diet,
supplemented or not with the compounds under study. This is a predictable
result given that these samples were already differentiated at naked eye in the

sample treatment.

20{ RP POS RP NEG

300 250 200 150 -100  -50 0 50 100 150 200 250 300 600 500 400 300 200 <100 0 100 200 300 400 500
Comp.1 (42 %) Comp.1(31%)

) HILIC POS sof HILIC NEG

| Comp.2(13%)]

500 400 300 200 100 0 100 200 300 400 500 600 500 -400 -300 -200 <100 0 100 200 300 400 500 600 700
Comp. 1 (25 %) Comp. 1(38%)

Figure. 1. PCA score plot component 1 vs component 2 for liver metabolic profiles in
the four different analysis modes. The QC samples (QC m) are grouped and centred in the
plot. Five groups of liver samples from Wistar rats fed with different diets were
analysed: standard diet (CC m), high-fat and high-fructose diet (HF m), and high-fat and
high-fructose diet enhanced with 15 mg/kg/day or 30 mg/kg/day of pterostilbene (PT15
m and PT30 m) or 30 mg/kg/day of resveratrol (RSV30 m). The variance explained 79 %,
89 %, 75 % and 80 % for RP pos, RP neg, HILIC pos and HILIC neg, respectively.
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Given that the objective of this study was the metabolic differentiation
between the livers of NAFLD-induced rats whose diets have been
supplemented with pterostilbene and resveratrol, the group of CC samples
were discarded for the following statistical analysis. In addition, it can be
observed that PCA does not manage to clearly differentiate between
resveratrol and pterostilbene supplementation from the non-supplemented
samples (HF), and that the inherent differences of these samples are still too
great to approach the healthy liver samples. With the 2282, 1410, 1237 and
550 statistically significant features for RP pos, RP neg, HILIC pos and HILIC
neg, respectively, a second PCA analysis was employed to interrogate the
data. Figure S1 shows the PCA score plot of the first two components
obtained comparing the four groups HF, PT15, PT30 and RSV30. As it can be
observed, the inherent differentiation obtained by this unsupervised analysis
seems to be not significant enough to clearly separate the groups, although it
can be seen already a trend in the separation of RSV30 group from the others
and the positioning of the HF group approximately in the centre of the graph.
The presence of outliers was studied based on the 95 % of confidence limit of
the Hotelling’s T2 Range.

Then, supervised multivariate statistical PLS-DA modelling was
applied to highlight the differences between the experimental groups based
on the statistically significant features. Figure S2 shows the PLS-DA score
plot in the plane of the first two latent variables for the four data sets. The
separations achieved were not ideal, obtaining coefficients for variance
explained (R?Y) from 36 to 51 % and coefficients for variance predicted (Q2)
from 18 to 40 % (Table 1). These results are close and even lower than the
accepted limit of 50 % for variance explained and 40 % for predicted for
biologic al models (Worley & Powers, 2012). This is primarily due to the low
differentiation between the two dosages of pterostilbene (PT15 and PT30),
demonstrating that the different dosages concentrations with pterostilbene
apparently do not imply a significant variation at metabolic level. Then, it was
attempted the PLS-DA differentiation considering the two dosages of
pterostilbene as a single group. For the discrimination between the three
resultant groups, 2457, 1388, 1325 and 557 statistically significant features
were obtained for RP pos, RP neg, HILIC pos and HILIC neg, respectively.
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Figure 2 shows the PLS-DA score plots obtained for the four data sets, where
the differentiation has been considerably improved, obtaining R2?Y from 70 to
86 %, and Q? from 54 to 66 % (Table 1), resulting in 95 %, 89 %, 84 % and
84 % of the samples classified correctly for RP pos, RP neg, HILIC pos and
HILIC neg, respectively. In all data sets, the first latent variable separates the
two supplemented diets with pterostilbene or resveratrol (PT and RSV30);
while the second component differentiated the supplemented diets from the

HF group.
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LV2 (75 %)

300 250 200 -150 <100 50 0 50 100 150 200 250 300 -350 -300 -250 -200 -150 -100 -50 O 50 100 150 200 250 300 350
LV.1 (49.2%) LV.1 (35.4 %)

= HE 1 o

HILIC POS if.  IHILIC NEG
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LV.1 (387 %) LV.1 (35.8%)

Figure. 2. PLS-DA score plot LVI vs LV2 for liver metabolic profiles in the four
different analysis modes. Three groups of liver samples from Wistar rats fed with
different diets were analysed: high-fat and high-fructose diet (HF w), and high-fat and
high-fructose diet enhanced with 15 mg/kg/day or 30 mg/kg/day of pterostilbene (PT
m) or 30 mg/kg/day of resveratrol (RSV30 m). Being the coefficients R? for the variance
explained and Q2 for the variance predicted, it was obtained: R?Y = 86 % and Q? = 66 %
for RP pos, R?Y= 79 % and Q? = 55 % for RP neg, R?Y = 70 % and Q? = 54 % for HILIC
pos and R?Y = 78 % and Q? = 60 % for HILIC neg.
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In order to highlight the primary features for the discrimination
between the groups, an Orthogonal PLS-DA (OPLS-DA) was finally
employed, where only two groups can be faced. Therefore, to highlight the
most significant features three classifications were attempted by this method:
HF vs RSV, HF vs PT and RSV vs PT. For all the facing, a variance explained
(R2Y) above 78 % and a variance predicted (Q?2) above 74 % were obtained,
except for PT vs RSV facing in HILICpos where it was founded a Q2 = 58 %
(Table 2). S-Plots were generated from each OPLS-DA , allowing an easiest
visualisation of the markers with higher discrimination power between the
two-faced groups. From the S-plot, the most relevant ones were the features
closer to p(corr) 1 or -1. To select the most relevant features a cut-off p(corr)
> |0.6] and p[1] loadings = |0.1| were employed, obtaining a sum up of 117
features between the four data sets. Nevertheless, the list of possible markers
was reduced still further to 34 for different reasons. For example, some of the
compounds were detected more than once with the different
chromatographic separation or even different polarities (e.g. feature
HILICpos_2.05_376.1390n and RPpos_4.00_376.1388n both with the
same CCS of 186 A2, in addition, this compound was also present in RP neg
as RPneg_3.99_376.1386n). In other cases, some types of adducts or in-
source fragments had not been specified in the deconvolution step of
Progenesis QI, and therefore they had not been clustered and appeared as an
independent feature. Finally, those features with poor signal or bad peak

shape that cast doubt on their validity as markers were discarded.
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3.3. Elucidation Process

A total of 34 markers were selected for further identification.
Experimental data are recorded in Table S1 and statistical relevance is
shown in Table 3 and Figure 4, 5 and 6. In order to accomplish the
elucidation of those compounds, the first step was to annotate the candidates
thanks to Progenesis QI identification tool which performs a combination of
neutral mass, MS/MS and CCS (if available) based searches by comparison
with the HDMSE spectra and CCS data of each putative marker. The
annotation of each marker was carefully reviewed based on mass accuracy
and both parents and fragment ions and CCS from UNIFI raw data. Following
the criteria of our laboratory and the identification level system described by
Celma et al. (2020) (Celma et al., 2020), the different identification levels
were given to the markers according to the data available for each of them.

Table 3. Statistical values for the 34 markers tentatively identified.

Elemental
o
N Compound composition p(corr) Marker of Chromatography ESI
0.85 PT, in HF vs PT
HILIC pos
-0.74 PT, inRSV vs PT
1 Riboflavin (Vitamin B2) Cy7H50N4O4
0.73 PT, in HF vs PT RP pos
0.74 PT, inHF vs PT RP neg
2 Allopurinol CsH4N,O 0.77 PT, in HF vs PT HILIC pos
3 Cytidine CoH;3N305 -0.75 HF, in HF vs RSV HILIC pos

-0.67 HF, inHF vs PT
4 Methylnicotinamide C7HgN,O HILIC pos
-0.62 HF, in HF vs RSV

0.70 PT, in HF vs PT
5 Nicotinamide Mononucleotide ~ C;;H;5N,OgP HILIC pos
0.67 RSV, in HFvs RSV

6 Xanthosine C19H12N4O4 -0.70 PT, in PT vs RSV RP neg

-0.61 HF, in HF vs PT
7 Indoleacrylic acid C;1HoNO, RP pos
-0.84 HF, in HF vs RSV

. 0.64 PT, in HF vs PT
o An o,
Y 0.65  PT,inRSVvsPT
9 1-(a-ribofuranosyl)-lumichrome  C;;H;gN,O¢ -0.76 HF, in HF vs RSV HILIC pos
0.62 RSV, in HFvs RSV HILIC pos
0.73 RSV, in HFvs RSV
HILIC neg
. s 0.86 PT, in HF vs PT
0 phepht  CofiNO?
YIphosp 0.82 PT, in HF vs PT RP pos
0.77 RSV, in HFvs RSV
RP neg

0.89 PT, in HF vs PT
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Table 3. Statistical values for the 34 markers tentatively identified (continuation).

Elemental

(1]
N Compound composition p(corr) Marker of Chromatography ESI
11 Adenosylmethionine C15H25NgO5S 0.67 PT, inHF vs PT HILIC pos
ADMA (asymmetric .
12 dimethylarginine) CgH;gN,0, -0.77 HF, in HF vs PT HILIC pos
0.70 PT, inHF vs PT
HILIC pos
-0.62 PT, in RSV vs PT
13 Oxidised Glutatione CyoH3oNg012S,  -0.83 PT, in RSV vs PT HILIC neg
-0.70 PT, in RSV vs PT RP pos
-0.92 PT, in RSV vs PT RP neg
0.82  RSV,in HFvs RSV
14 Resveratrol-O-sulfate C14H 2068 HILIC neg
0.85 RSV, in RSV vs PT
0.63 PT, inHF vs PT
15 Pterostilbene-4’-O-sulfate C16H1606S HILIC neg
-0.70 PT, inRSV vs PT
0.84 RSV, in HF vs RSV
HILIC neg
0.71 PT, in HF vs PT
16 Docosahexaenoic acid (DHA) CyoH350, 0.82 RSV, in HF vs RSV RP pos
0.92 RSV, in HFvs RSV
RP neg
0.64 PT, inHF vs PT
0.80 RSV,in HFvs RSV
HILIC neg
0.62 PT, inHF vs PT
17 Docosapentaenoic acid (DPA) CyoH340,
0.85 RSV, in HF vs RSV
RP neg
0.66 PT, in HF vs PT
18 LysoPE(16:0) Cy1Hy44NO,P 0.72 RSV, in HF vs RSV RP neg
19 LysoPE (18:0) Co3H4gNO,P 0.81 RSV, in HF vs RSV RP neg
0.71 RSV, in HF vs RSV HILIC pos
20 LysoPE(18:1) Cy3H46NO,P
0.69 RSV, in HF vs RSV HILIC neg
21 LysoPE(18:2) Co3H44NO,P 0.71 RSV, in HF vs RSV HILIC neg
0.86  RSV,in HFvs RSV
HILIC pos
0.88 RSV, in PTvs RSV
22 LysoPE(20:4) Cy5H44NO,P
0.69 RSV, in HF vs RSV HILIC neg
0.69 RSV, in PT vs RSV RP neg
0.88 RSV, in HF vs RSV HILIC pos
23 LysoPE(22:6) Cy7H44NO-,P
0.72 RSV, in HF vs RSV HILIC neg
0.84  RSV,in HFvs RSV
HILIC pos
24 LysoPC(16:0) Co4H50NO,P 0.92  RSV,inPTvs RSV
0.74 RSV, in HF vs RSV RP pos
25 LysoPC(18:1) isomer 1 Cy6H5,NO,P 0.88 RSV, in PT vs RSV HILIC pos
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Table 3. Statistical values for the 34 markers tentatively identified (continuation).

Elemental

Neo Compound e
composition

p(corr) Marker of Chromatography ESI

0.82 RSV, in HFvs RSV
26 LysoPC(18:1) isomer 2 CysH5.NO,P HILIC pos
0.92 RSV, in PTvs RSV

0.78 RSV, in HFvs RSV
27 LysoPC(18:3) CocHygNO,P HILIC pos
0.88  RSV,in PTvs RSV

28 LysoPC(20:4) isomer 1 CogHs50NO,P 0.75 RSV, in PT vs RSV HILIC pos
29 LysoPC(20:4) isomer 2 Cy3H;50NO,P 0.72 RSV, in PT vs RSV HILIC pos
30 LysoPC(22:6) C39H50NO,P 0.74 RSV, in PT vs RSV HILIC pos
31 LysoPI(20:4) Ca9Hy490, 0P 0.81 RSV, in HFvs RSV HILIC neg
32 LysoPS(20:4) CoHsNOGP 091 RSV, in HFvs RSV HILIC neg
33 LysoPS (21:0) Cy7H54NOoP 0.87 RSV,in HFvs RSV RP neg

0.78 RSV, in HFvs RSV
34 LysoPS (2-OMe-18:0) Cy5H50.NOoP RP neg
0.90 RSV, in HFvs RSV

Marker 1 has been selected as an illustrative example of the elucidation
process followed in the present work (Figure 3). This marker was found in
HILIC pos (HILICpos_2.05_376.1390n) as marker of pterostilbene
supplementation in PT vs HF (p(corr) 0.85) and PT vs RSV (p(corr) -0.74);
in RP pos analysis (RPpos_4.00_376.1388n, marker of PT in PT vs HF,
p(corr) 0.73); and also in RP neg analysis (RPneg_3.99_376.1386n, marker
of PT in HF vs PT). This marker was also present in HILIC neg with a p(corr)
of 0.54, below the threshold applied for the selection. Firstly, thanks to the
fact that ion mobility separation takes place prior to the fragmentation, both
the parent and the fragment ions have associated the same DT. Hence, it is
possible obtaining of cleaner mass spectra without co-eluting/interfering
ions when it is filtered by the DT of the parent ion, as it can be observed in
Figure 3B and 3C (DT filter 5.55 + 0.22 ms, data form HILIC pos) in
comparison with the unfiltered ones (Figure 3D and 3E). Therefore, it is
obtained a quasi-MS? spectrum with composite of “product” ions obtained at
different collision energies (HE energy ramp from 28 to 56 €V) pure enough
and with a lot of information, which would avoid the re-injection of the
samples. The filtered spectra obtained from the analysis of the same
ionisation modes were mostly identical (RP pos to HILIC pos and RP neg to
HILIC neg). Nevertheless, the unfiltered spectra may give also useful
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information. Since the adducts are formed in the ion source previous to the
IMS separation, [M+Na]*, [M+K]+ and [M-H>O+H]* adducts DT was
different enough to the protonated molecule to be filtered by DT and they can
only be observed in the unfiltered LE spectra (Figure 3D). These adducts
were all successfully deconvoluted by Progenesis QI and assigned as the same

compound.

The most likely elemental composition for this marker was found to be
C17H20N40¢ (error: +0.2, -0.01 and +0.8 mDa in HILIC pos, RP pos and RP
neg, respectively). The mean retention time across the samples in HILIC was
2.00 min and 4.00 min in RP, with a CCS of 186 A2 for the protonated and
190 A2 for the deprotonated molecule. Figure 83 shows the LE and HE DT-
filtered spectra from deprotonated molecule obtained in RP neg analysis
where complementary information of the elucidated structure was obtained.
A proposed structure fragmentation was raised for both ionisation modes,
and it was supported with the experimental spectra from METLIN with a
fragmentation match over 60 % in Riboflavin (vitamin B2). Moreover, due to
the availability of experimental CCS databases, this compound obtained a
match with the available Metabolic Profiling CCS Library for Progenesis QI,
with a delta error of + 0.23 % (maximum CCS tolerance 2.5 %), increasing

considerably the confidence in the Riboflavin identification.

Among the list of markers, related compounds showed similar
fragmentation. Marker 9 was found in HILIC pos analysis
(HILICpos_1.28_375.1304m/z) as marker of high-fructose high-fat diet (HF
group) in RSV vs HF (p(corr) -0.76), obtaining a level 3 tentative elucidation
as 1-(a-ribofuranosyl)-lumichrome with molecular formula C;7H1sN4Os (see
marker structure in Figure S4). This marker shared with Riboflavin the non-
specific water loss (m/z 357.1182, -1.69 mDa), and fragments m/z 243.0882
([C12H11N402]*, -0.0 mDa), m/z 198.0664 ([C11HsgN3sO]*, -0.3 mDa) and m/z
172.0868 ([C10H10N30]*, -0.7 mDa) observed in the DT filtered HE spectra
of riboflavin (Figure 3C), which shows that they share in their structure the

nitrogenous base flavin.
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Marker 8, 10 and 11 tentatively elucidated as 4,5-didehydro-5-
deoxyadenosine, adenosine-5’-(0-methylphosphate) and
adenosylmethionine, respectively, shared the same fragment m/z 136.0619
([CsHeN50]*, -0.5 mDa) in positive ionisation mode corresponding to the

adenosine base shared by all of them.

But the clearest example of similar behaviour in fragmentation occurs
in the 17 tentatively elucidated lysophospholipids. This type of compounds is
made up of a glycerol molecule to which a fatty acid and phosphate group are
bind. Phosphate is attached via phosphodiester bond to other molecules, such
as ethanolamine (LysoPE), choline (LysoPC), inositol (LysoPI) or serine
(LysoPS). Due to the large number of isomers in this type of molecules
(because of two position of fatty acid attachment to the glycerol molecule or
number of unsaturations) it is very difficult to give a definitive identification
with the data acquired for most of them. It is also difficult to obtain fragments
that gives clues about the unsaturation position in the fatty acid chain, hence,
the most part of its elucidation is based on the common fragmentation
spectrum between the different types of lysophospholipids and the molecular
formula to define the number of carbons and the unsaturations of the
attached fatty acid. LysoPE can be observed in both positive and negative
ionisation, and the fragmentation is characterised by neutral loss of
phosphoethalonamine group (Am/z 141. 0191) in positive ionisation mode
and fragments m/z 196.0375 and m/z 140.0119 in negative ionisation mode.
LysoPC are typically observed in positive ionisation mode and shared
fragments m/z 184.0740 and m/z 104.1075 and they correspond to
phosphocholine and choline fragments. Regarding LysoPI and LysoPS, they
were mainly observed in negative ionisation mode. In DT filtered HE
spectrum of marker 31 LysoPI(20:4) the 4 typical ions for this class of
phospholipids were observed: m/z 152.9949 ([CsH¢OsP], -0.4 mDa) and m/z
241.0108 ([C¢H100sP], -0.5 mDa) coming from the phosphoinositol group,
as well as the fragments coming from the fatty acid attached m/z 259.2419
([C19H31],, -0.7 mDa) and m/z 303.2315 ([C20H3102]-, -0.4 mDa). Finally,
LysoPS presented the neutral loss of serine group (Am/z 87.0320). For 7 of
the lysophospholipids, a match with CCS experimental database were
obtained, with a delta error of +2.3 %, +1.3 %, +1.6 % for de-protonated
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molecules of LysoPE(16:0), LysoPE(20:4) and LysoPE(22:6) respectively;
and +0.1 % and -2.4 % for protonated molecules of both isomers of LysoPC
(18:1) and both isomers of LysoPC(20:4) respectively.

In order to achieve more confidence in tentative identification, it was
employed a CCS predictor model based on Multiple Adaptative Regression
Splines (MARS) developed by our group (Celma et al. 2021 Analytical
Chemistry submitted) with Travelling Wave Ion mobility instrument
(TWIMS) (VION®, Waters). The relative errors obtained with this prediction
tool were below +4.05 % for protonated ion and +5.86 % for deprotonated
molecules for 95% of all CCS values tested. This predictor was applied from

marker 1 to 17 without a match with experimental CCS (see Table S1).

For markers from 1 to 13 and fatty acids markers 16 and 17 without
match with experimental CCS library, delta CCS errors ranging from 0.1 to
1.5 % for protonated ion and 0.1 to 1.9 % for deprotonated ion, increased the
confidence of the identification. The only exception was docosahexaenoic
acid with a delta error of -3.9 % for protonated molecule, while the data for

deprotonated molecule was less than 1 %.

Nevertheless, the higher delta error value for phase II sulphate
conjugated metabolites (-4.5 % and -7.9 % for sulphated metabolites from
resveratrol (marker 14) and pterostilbene (markers 15), respectively) is due
to the lack of these family of compounds during the building of the CCS
prediction model. The low availability of pure analytical standards of these
groups of compound makes difficult to obtain experimental CCS information
to be included in the building of the prediction tool.

For phospholipids, a more specialised prediction tool was employed:
LipidCCS CCS prediction model. Zhou et al. 2017 (Zhou et al., 2017). This
prediction model was optimised from the CCS information obtained from a
large set of lipids measured . The estimated error in the prediction for
Travelling Wave Ion Mobility (TWIMS) with CCS polyAla calibrants, as
VION®, is above +5 % delta error. Nevertheless, it was employed this Lipid
CCS instead of the in-house prediction model due to the lack of phospholipids

experimental data in its building.
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Therefore, for markers from 18 to 34 without a match with
experimental CCS library, predicted CCS with delta errors ranged from 0.6 to
5.4 % for protonate ions and 1.7 to 4.8 % for deprotonated ions. Only, the
LysoPS markers obtained a worst prediction with delta error from 5.1 to 8.3
% for their deprotonated ions. Moreover, due to the difficulty to find pure
standards for isomeric lipids that differ in position geometry (cis/trans) to
train the model, LipidCCS cannot accurately differentiated between isomers.
Therefore, a more precise identity of these compounds cannot be reached
with the information obtained.

All the work described so far, shows the interesting information that
IMS separation offers to untargeted metabolomics studies, improving the
very time-consuming identification step, still the main bottleneck in the
metabolomics workflow. CCS is an additional structural descriptor highly
reproducible and transversal between instruments, opposite to retention
time, which depends on chromatographic separation and can be heavily
influenced by sample matrix. For this reason, there are more and more
compound databases that include these CCS values among the experimental
data, and, in turn, predictive tools of great interest are being created and
implemented. However, there is still work ahead to improve the information
that IMS separation can offer, either by collecting CCS data from a great
variety of compounds or the improvement of prediction models, apart from

the instrumentation itself.

Nevertheless, the unequivocally confirmation of the identity
(identification level 1) would only be reached by comparison with a reference
standard. This level was obtained for the identification of 6 markers: marker
1 riboflavin, marker 3 cytidine, marker 4 methylnicotinamide, marker 6
xanthosine, marker 12 ADMA and marker 16 docosahexaenoic acid. For
marker 2, two candidates were possible, hypoxanthine and allopurinol. The
standard of hypoxanthine was purchased due to its high tentative
identification level (level of 2a, match with spectral data base and CCS data
base, delta error +0.01 %). Unfortunately, the analytical standard did not
match in terms of retention time and hypoxanthine was discarded. Therefore,
allopurinol has been given as tentative identification for this marker (level

2b) until definitive confirmation with its corresponding analytical standard.

Food Chemistry (2021) Submitted 199



Chapter 4. Food and health effects

3.4. Changes in liver metabolome

The untargeted metabolomics analysis showed three clearly
differentiated metabolome profiles, one for rats fed with the high-fat and
high-fructose diet (HF group), another one for rats fed with the same diet and
treated with pterostilbene and another one for rats fed with the same diet and
treated with resveratrol, as shown in Figure 2. Consequently, it can be stated
that this methodology is an appropriate tool to seek biomarkers of treatment
and to characterize the effects of the two phenolic compounds used in the
present study. In Figure 4, 5 and 6, the mean abundances of the highlighted
markers in PT vs HF, RSV vs HF and PT vs RSV are shown, respectively.
Regarding these figures, we would like to clarify that they are a visual way to
observe the difference in intensity obtained for each marker between the two
groups compared. Since the markers have been detected in different analysis
and especially with different ionisation modes, the intensities obtained are
not comparable between markers (e.g. the greater general intensity of a
marker does not have to imply a higher concentration than another marker).
For those markers detected in different analysis, the figure shows the
normalised abundance coming from the analysis with higher statistical
relevance. Supplementary Figures S5 to S8 show in detail the variation in

the intensity obtained across the groups of samples for each marker.

Resveratrol is a polyphenol, belonging to the group of stilbenes and
pterostilbene, is its dimethoxy derivative. The present study shows a clear
different effect of pterostilbene and resveratrol on hepatic metabolite profile,
in spite of its similarity in terms of chemical structure. Firstly, the phase II
sulphated metabolites of each compound were found as marker of their
respective groups, and even a considerable difference could be observed for
pterostilbene-4-O-sulfate between the supplementation of 15 mg/kg/d or 30
mg/kg/d of pterostilbene (Figure S6). When the rats fed with the high-fat
high-fructose diet were treated with pterostilbene (Figure 3), significant
changes were observed in three vitamins and derivatives (marker 1 riboflavin,
marker 4 methylnicotinamide and marker 5 nicotinamide mononucleotide),
four nucleotides/nucleosides (marker 2 allopurinol, marker 6 xanthosine,
marker 8 4,5-didehydro-5-deoxyadenosine and marker 10 adenosine-5’-(o-
methylphosfate)),  three  peptides/amino  acids (marker 11
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adenosylmethionine, marker 12 asymmetric dimethylarginine and marker 13
oxidised glutathione), and three organic acids (marker 16 docosahexaenoic
acid, marker 17 docosapentaenoic acid and marker 7 indoleacrylic acid). In
the case of rats treated with resveratrol (Figure 4), the changes affected to
one vitamin-related compound (increased levels of marker 5 nicotinamide
mononucleotide and decreased level of marker 9 1-(a-ribofuranosyl)-
lumichrome and marker 4 methylnicotinamide), nucleotides/nucleosides
ratio (higher level of marker 10 adenosine-5’-(o-methylphosfate) and lower
of marker 3 cytidine), three organic acids (marker 16 docosahexaenoic acid,
marker 17 docosapentaenoic acid and marker 7 indoleacrylic acid) and
seventeen phospholipids. In a reduced number of cases both phenolic
compounds induced similar changes in the same metabolites in comparison
with HF group: decreased levels of cytidine, methylnicotinamide and
indoleacrylic acid, and increased levels in nicotinamide mononucleotide,
adenosine-5-(o-methylphosphate), docosapentaenoic acid (DPA) and
docosahexaenoic acid (DHA). The positive effects in different liver related
diseases have been already reported for DPA and DHA (Enguita et al., 2019)
as well as for nicotinamide mononucleotide (Zong et al., 2021).

Regarding the rats treated with pterostilbene, the most interesting
effect was the decrease in asymmetric dimethylarginine (ADMA) and the
increase in s-adenosylmethionine (SAM) in comparison to the group without
supplementation (HF). ADMA, an endogenous inhibitor of nitric oxide
synthase, is formed by methylation of arginine residues in proteins. These
results on the positive effect of supplementation with pterostilbene are
encouraging, since the reduction in ADMA are associated with adverse
vascular effects associated with various clinical settings as coronary heart
disease, hypertension and diabetes among others (Maas, 2005), and at the
same time it is increased the presence of SAM and its possible protection
against the free radical toxicity (Vergani et al., 2020).

In the case of the rats treated with resveratrol, the main changes took
place in phospholipids. These molecules can be precursors of lipid mediators,
which play important roles in external and internal communication and
modulate cellular responses. Previous studies have demonstrated a reduction
in phosphatidylcholine (PC) among other phospholipids in non-alcoholic
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fatty liver disease (NAFLD) patients (Piras et al., 2021), therefore it is
promising that resveratrol supplementation increases the levels of these

compounds.

The present study may help to generate new hypothesis about the
preventive effects of pterostilbene and resveratrol, by indicating potential
pathways of interest to be addressed in further research.

4. Conclusions

The great potential of the inclusion of IMS into the conventional LC-
HRMS for untargeted metabolomic studies has been demonstrated with the
tentative elucidation of 34 markers related to the treatment with resveratrol
and pterostilbene to rat with liver showing steatosis: 2 phase II sulphated
metabolites, 17 lysophospholipids, 3 fatty acids, 4 vitamin and related
compounds, 5 nucleosides/nucleotides and 3 peptide/amino acids related
compounds. The implementation of CCS as additional molecular descriptor
and the tools created around this value have facilitate the compound
identification, going one step further in helping widen the bottleneck that the
elucidation process represents for untargeted metabolomics. Significantly
different results have been obtained for the two types of supplementation
despite the similarity between both phenolic compounds (resveratrol and
pterostilbene), although both changes are associated with beneficial health
effects based on a preliminary bibliographic search of the metabolites found.

Currently, a parallel research based on the markers found in this work
is being carried out in order to investigate in-depth the implication of the
highlighted metabolites in stopping the progression of liver steatosis to more

severe pathologies and the metabolic pathways altered.
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Figure. S1. PCA score plot component 1 vs component 2 for liver metabolic profiles
in the four different analysis modes. Four groups of liver samples from Wistar rats fed
with different diets were analysed: high-fat and high-fructose diet (HF m), and high-fat
and high-fructose diet enhanced with 15 mg/kg/day or 30 mg/kg/day of pterostilbene
(PT15 m and PT30 m) or 30 mg/kg/day of resveratrol (RSV30 m). The variance explained
80 %, 85 %, 70 % and 79 % for RP pos, RP neg, HILIC pos and HILIC neg, respectively.
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Figure. S2. PLS-DA score plot latent variable 1 vs latent variable 2 for liver metabolic

profiles in the four different analysis modes. Four groups of liver samples from Wistar
rats fed with different diets were analysed: high-fat and high-fructose diet (HF m), and
high-fat and high-fructose diet enhanced with 15 mg/kg/day or 30 mg/kg/day of
pterostilbene (PT15 m and PT30 m) or 30 mg/kg/day of resveratrol (RSV30 m). Being R?
is coefficient for variance explained and Q? is coefficient for variance predicted, the
following results were obtained: R2Y= 48 % and Q2 = 40 % for RP pos, R?Y= 51 % and Q2
=33 % for RP neg, R?Y= 45 % and Q? = 37 % for HILIC pos and R?Y= 36 % and Q° = 18

% for HILIC neg.
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Figure S5. Comparison of mean of normalised abundance between the different

groups samples of markers from 1 to 9: high-fat and high-fructose diet (HF u), and high-
fat and high-fructose diet enhanced with 15 mg/kg/day or 30 mg/kg/day of
pterostilbene (PT15 m and PT30 m) or 30 mg/kg/day of resveratrol (RSV30 m). If the

marker is present in more than one analysis, the normalised abundance comes from the

marker higher statistical relevance.
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Figure S6. Comparison of mean of normalised abundance between the different
groups samples of markers from 10 to 18: high-fat and high-fructose diet (HF m), and
high-fat and high-fructose diet enhanced with 15 mg/kg/day or 30 mg/kg/day of
pterostilbene (PT15 m and PT30 m) or 30 mg/kg/day of resveratrol (RSV30 m). If the
marker is present in more than one analysis, the normalised abundance comes from the

marker higher statistical relevance.
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Figure S7. Comparison of mean of normalised abundance between the different
groups samples of markers from 19 to 27: high-fat and high-fructose diet (HF m), and
high-fat and high-fructose diet enhanced with 15 mg/kg/day or 30 mg/kg/day of
pterostilbene (PT15 m and PT30 m) or 30 mg/kg/day of resveratrol (RSV30 m). If the
marker is present in more than one analysis, the normalised abundance comes from the
marker higher statistical relevance.
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Figure S8. Comparison of mean of normalised abundance between the different groups
samples of markers from 28 to 34: high-fat and high-fructose diet (HF m), and high-fat and high-
fructose diet enhanced with 15 mg/kg/day or 30 mg/kg/day of pterostilbene (PT15 m and PT30 m)
or 30 mg/kg/day of resveratrol (RSV30 m). If the marker is present in more than one analysis, the
normalised abundance comes from the marker higher statistical relevance.
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4.3 Discussion of the results

Scientific article IV reflects the great interest of applying untargeted
metabolomics approach for the determination of biomarkers in the research
area of nutrition and its effects on health. Thirty-four markers related to the
supplementation of two known antioxidants, resveratrol and pterostilbene,
were tentatively identified in rats with induced liver steatosis by a high-
fructose, high-fat diet. The putative relevance of these tentatively elucidated
markers as indicators of disease improvement are encouraging. Further
studies would investigate whether the supplementation of these compounds

would obtain the same results in humans.

In this study, an animal model with rats was used to reduce the bias
associated with human trials, since it would allow control of environmental
and ingestion conditions, in addition to the fact that the animals are
genetically homogeneous. Liver samples were selected to be analysed for
being the organ directly affected by the disease under study, liver steatosis.
With the naked eye, it was possible to clearly identify the liver samples
coming from rat with a standard healthy diet (CC), since the liver presented
a clearly more pink and firm appearance compared to the more discoloured
and with obvious fat deposits for the other four groups of samples. Therefore,
itis not surprising that the main inherent differentiation between the samples
highlighted in the first PCA was the differentiation between this group and
the liver samples with steatosis. Therefore, and given that the focus of the
study was on the effect of resveratrol and pterostilbene in liver steatosis, these
samples were discarded. However, this differentiation can be addressed later
in further studies.

In this chapter, it is shown the great help for the identification of
unknown metabolites that the inclusion of IMS can offer to LC-HRMS
coupling, commonly employed in untargeted metabolomics as exposed in the
Scientific article I. IMS provides additional structure descriptor based on
the shape of the molecules. Along with retention time, accurate mass, and
fragmentation patterns, CCS values can enhance confidence in identification

and reduce false positive hits. Moreover, CCS measurements are more
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reproducible values than retention times, more affected by the instrument-

to-instrument variation and the characteristics of the sample.

In addition, the development of databases of experimental CCS and the
building of CCS prediction tools are being implemented, especially useful
when multiple candidates are suggested based on exact mass. In relation to
the latter, in this study two CCS prediction tools have been employed, since
the effectiveness of these tools depends largely on the set of compounds with

which the model has been trained.

On the one hand, the in-house tool of Celma et al. (2021, submitted to
Analytical Chemistry) was used for the prediction of the first 17 markers. This
tool has been trained with experimental CCS data from about 500 compounds
obtained with the same instrument employed in this study (TWIMS based
instrument). This set is made up of small molecules (<1000 Da) as organic
pollutants, drugs and metabolites, among others. The delta errors reported
for this tool is + 4.05 % for protonated ion and + 5.86 % for deprotonated ion
with 95% confidence interval. All predicted CCS for the markers were below
these errors, increasing the confidence in their tentative identification, except

for sulphated phase II metabolites with higher error values.

On the other hand, LipidCCS (Zhou et al., 2017) was employed to
predict the CCS for the remaining group of markers formed by
lysophospholipids. To develop this tool, the CCS data obtained with a DTIMS
instrument from about 500 analytical lipid standards were used. They
reported deviations between the predicted and empirical data of ~1% in
terms of median relative errors (MRE), which would be equivalent to a 50 %
confidence interval. Based on that described by Zhou et al (2017), it would be
around +3 % for both protonated and deprotonated molecules in terms of 95
% confidence interval. However, they report that these precisions are only
achieved with TWIMS instruments when a lipid-based CCS calibrant are
used. When the commonly employed polyAla calibrants are used, the error
would probably of above ~5 % with 95 % confidence interval. Even so, it was
considered that this model was more suitable for the prediction of the last 17
markers as it has been trained with more similar compounds, obtaining delta
errors below 5.4% for protonated molecules and below 4.8% for deprotonated

molecules, except for the LysoPS which got higher delta error.
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Therefore, with this tool, it was possible to have more confidence about the
tentative identity of these markers, without being able to distinguish between
the possible isomers for each identification. For each marker, the CCS of all
the isomers reported in the LipidMaps compound database were predicted.
However, this tool did not provide predicted CCS significantly different from
an isomer to another to decide on a single candidate. Zhou et al. (2017)
justifies this by the difficulty to find pure standards for isomeric lipid that
differ in position geometry (cis/trans) to train the model, and therefore

distinguish between isomers.

Several studies related to this work are currently being carried out or
scheduled for the near future. On the one hand, the research group with
which this collaboration arose is investigating metabolic pathways related to
the 34 compounds identified and determining the effects of pterostilbene and
resveratrol supplementation on liver steatosis and health based on these

results.

Since liver steatosis is due to the accumulation of fats, it was thought
that the lipid fingerprint could have significant differences. From our part,
the results obtained from an additional untargeted metabolomic focusing on
lipidic metabolites (untargeted lipidomics) are also being analysed. In this
sense, a second extraction of the same liver samples and LC separation more

optimised on lipid analysis were carried out.

In addition, it is planned the application of untargeted metabolomics
analysis to plasma samples collected from the same rats, in order to have a

global overview of the circulating metabolites throughout the body.
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5.1 Introduction

The interaction is one of the three so-called “vital functions” that any
unicellular or multicellular organisms have to perform to be considered a
“living being”. From the most solitary to the most gregarious organism, from
prokaryotes to animals such as humans; communication intra- and inter-
specie are essential for their survival and reproduction, where chemical
signalling has a key role in their communication system. The term
semiosignal refers to all chemical substance involved in the interaction
between organisms intra- or inter-specie (Nordlund & Lewis, 1976). Among
them, pheromones are the compounds, single or in precise ratios of multiple
component pheromones, excreted or secreted for intra-specie interaction to
trigger a specific reaction, as a behaviour or developmental process on the
receptor (Karlson & Liischer, 1959; Wyatt, 2010).

There are a wide variety of compounds that act as pheromones,
including small molecules, peptides or even proteins, and their
physicochemical nature is linked to their function. Important chemical
properties are their size and polarity, which will determine their volatility in
the air and their solubility in water (Brennan, 2009). A pheromone having a
rather small size and high volatility allows a rapid dispersion. This also makes
these kinds of compounds transitory and they serve to indicate short-term
situations as, for example, an indicator of danger or alarm. On the other hand,
a pheromone used as territory marker needs a high stability, little volatility

and affinity with the surrounding environment.

Pheromone physico-chemical characteristics are also highly related
with the releasing in the media and their detection mechanism. Focusing on
animals, pheromones release might take advantage of the excretion routes
(e.g. urine, faeces and sweat) or by specialised organs or glands for the
secretion (Brennan, 2009). In mammals, all chemical signals are detected by
the main olfactory system (olfactory epithelium, OE), by the vomeronasal
system (VNO) or both. In the case of rodents, they display both chemosensory
systems (Fortes-Marco et al., 2013). While the OE detects the mixture of
volatiles present in the air, the VNO, present in the roof of the mouth, detects

high- and low-volatility compounds. The last ones reach the organ sometimes
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mixed in water droplets/spray and thanks to an active mechanism
(vomeronasal pumping) (Meredith and O’Connell, 1979).

A comprehensive search in Scopus database has been carried out to
investigate the use of untargeted metabolomics together with
chromatographic techniques coupled to MS in the field of pheromones study
and intra-specie chemical communication. To do so, the search was focused
in the last five years and the following keywords were employed:
“pheromone”, “chemosignal” and “semiosignal”; along with the keywords
related to the methodology “untargeted” (and synonyms “fingerprinting”,
“untargeted” and “non-target”), “metabolomics”, “mass spectrometry”, “MS”

and “HRMS”.

The number of research articles obtained have not been very high,
although it is a rising approach in this research area, and the determination
of new pheromones may have progressed more slowly than other fields. Many
of the early strides in pheromone understanding came mainly from biology
alone, making predictions of pheromone identity based upon their
physiological function and by the screening of commercially available
compounds suspected to act as pheromones (Li et al., 2018). Therefore,
targeted analytical methods have been the selected approach for most of the
studies as terpenoids for in Camellia sinensis with GC-EI-Q (Le et al., 2020).

Taking into account that pheromones are compounds for intra-specie
communication, they use to be quite specific molecules for each organism and
therefore, there is no assurance that it could be present even in other
organism of the same taxonomic family. Nevertheless, it is known that there
are families of compounds that tend to act as pheromones (Park et al., 2019).
Moreover, its presence is not the only factor to provoke a reaction in the
receptor, it could be also necessary a certain concentration and/or

combination with other molecules in a specific ratio.

The collaboration between chemists and biologists, and the
introduction of newer analytical techniques, enabled the development of
additional approximations to pheromone research or bioactive compounds
characterization by untargeted metabolomics (Butcher, 2017; Hefetz, 2019;
Li et al., 2018). Most of the studies have focused on the volatile pheromones
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of different organisms and the employment of GC-MS or GC-HRMS
instruments to this aim: in yeast (Ljunggren et al., 2019), insects (Esteves et
al., 2017) and plants (Hosseini et al., 2021; Zheng et al., 2021). For more
polar pheromones, LC-HRMS was used in marine planktonic diatoms
(Fiorini et al., 2020) and nematodes (Falcke et al., 2018; Le et al., 2020),
where the pheromones are distributed through aqueous media.

Although the introductory chapter of this thesis places special
emphasis on the application of the untargeted metabolomic approach along
with chromatographic techniques coupled to MS in the discovery of
(bio)marker related to food, the workflow explained can be applied to many
other fields. The most significant changes in the pheromone study from what
was explained in Scientific article I is focused in the sampling and sample
treatment stage. The crucial issue when trying to analyse a series of
compounds with a specific purpose in chemical communication, and which
are excreted/secreted under specific biological situations, is to keep or set a
determinate biological state in the organism under study or the sampling in
the proper time, without introducing a significant change in the chemicals
released that could alter the results. These and the fact of having to deal with
living organisms can makee difficult to obtain samples, especially for animals.
For this reason and taking into account that the type of sample depends on
the research aim, the study of pheromones in animals has been mainly
performed with easily accessible samples, for example the characterization of
aging-related volatiles in mice urine (Fujita et al., 2020); reproductive and
pairing status in the urine volatolome of the maned wolf (Jones et al., 2021)
or odourants in human sweet related to emotional changes (Smeets et al.,
2020). New sample collection techniques are also being developed, as 3D-

printed attachment for apocrine sweat collection (Kvasnicka et al., 2021).

In this chapter, untargeted metabolomics approach has been applied in
the characterization of mice pup pheromones involved in the maternal
behaviour. This could be carried out thanks to the close collaboration with
the Laboratory of Functional Neuroanatomy from Universitat Jaume I, led
by the Prof. Dr. Fernando Martinez Garcia, which works on several research
lines devoted to the analysis of the neural basis of social and emotional

behaviours in rodents mediated by pheromones.
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The role of olfaction in maternal care has been widely proven in
mammals, and surprisingly, there have not been attempts to identify
molecules involved in materno-filial interactions (Bridges, 2008). Some
studies suggested the key role of chemical stimuli for maternal care in rodents
(Navarro-Moreno et al., 2020), others even proved that induced anosmia,
altered chemosensing or olfactory lesions resulted in dramatic changes in the
response of dams to pups, from deficient nest maintenance, maternal neglect,
abandon and even systematic pup-killing (Hasen & Gammie, 2011; Kimchi et
al., 2007; Vandenbergh, 1973). Moreover, mouse dams take care of young
pups (even the alien ones) and when they reach the 15-26 days of life, they
are progressively rejected until weaning (Numan & Insel, 2003).

Based on last assumption, the working hypothesis was that the
pheromones release might vary during the early days of the mice pup and
leading to their forced emancipation. Untargeted metabolomic approach was
applied for the comparison of the putative pheromones changes between one-
week old pups (which elicit an intense postpartum care by females), second

week of life and fourth week of life (proximate age of weaning).

As we were interested in the obtention of pup pheromones by repeated
sampling in different stages of mice life and do not interfere in their normal
development, our priority during the process was keeping the mice pups
healthy and comfortable throughout all the studied period. Two
complementary studies were developed and carried out simultaneously in the
same period of time and with the same animals. In Scientific article V an
adaptation of the traditional dynamic head space-purge and trap (DHS-P&T)
was applied in order to obtain the whole body volatolome and analysed by
GC-EI-MS. Scientific article VI is focused on lower- volatile pheromones
and the sample extracts were analysed by UHPLC-IMS-HRMS.
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1. Introdueton

Animals use chemical senses for inter-individual communication. In
many species thiz includes the excretion or secretion of pheromones,
chemicals delivered by an individual that elicit a stereotyped rezponse
(either behavioral or neurcendocrine-developmental) in conspecifics
[1]. Rodents, which are commonly wsed in experimental biomedicine,
are macrosmatic mammals, e.g. they dizplay two highly developed nasal
chemozenzory systems [2] for monitoring the presence of relevant
chemicals in their environment, the vomeronasal organ (VNQ) and the
alfactory epithelinm (OE).

In the last thirty years, an intense investigation has partially clarified
the chemical nature of mouse pheromone: mediating a wide variety of
zocial interactdons [3]: intersexual attracton, inter-male or maternal
aggression; and other behavioural interactions between adult in-
dividualz, male avoidance of female youngsters as sexual parmers, male
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effects on female sexual mamration, avoidance of ill conzpecifics [4] and
pup killing by sexually-naive malez [5]. Thiz ha:z uncoversd many
molecules putatively involved in social communication in mice, which
include volatiles such as farmezenes, thiazolines, heptanones, steroids or
zmall formyl peptdes, az well as molecules with lower volatility. Sur-
prizingly, thers have not been attempts to identify moleculas involved in
maternal care, a erucial social behavior that ensures offspring survival
and promotes proper neurcdevelopment of pups thus facilitating mental
and bodily health [6,7]. There is solid evidence indicating a major role
«of olfaction in pup care: ancsmic mothers either eat or abandon their
pups [2,9]. Together, these fndingz suggest a key role of chemical
stimuli (mainly volatile odorants) in maternal eare, although there is a
need of identifying the molecules involved. This requires analyzing the
volatiles emitted by the whole body of pups.

The analysiz of the emitted wolatiles can be done by means of
different analytical approaches. Among them, metabolomics, the
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Highlights

e Novel dynamic headspace sampling allows whole animal volatolome
analysis.

¢ Untargeted volatolomics is a powerful approach for pheromones
determination.

e 11 mouse pups-derived volatiles likely involved in maternal care
induction were identified.

e One of them, 1,2,45-tetramethylbenzene, is known to activate

vomeronasal neurons.
Abstract

In this study, we identify 11 mouse pup volatiles putatively involved in
maternal care induction in adult females. For this purpose, we have adapted
the dynamic headspace methodology to extract the volatolome of whole alive
animals. Untargeted metabolomic methodology was used to compare the
volatolome of neonatal (4—6 days) with elder pups until the age of weaning
(21-23 days old). Pup volatolome was analysed by gas chromatography (GC)
coupled to single quadrupole mass spectrometry (MS) using automated
thermal desorption for sample introduction. After data processing and
multivariate statistical analysis, comparison with NIST spectral library
allowed identifying compounds secreted preferentially by neonatal pups:
di(propylen glycol) methyl ether, 4-nonenal, di(ethylene glycol) monobutyl
ether, 2-phenoxyethanol, isomethyl ionone, tridecanal, 1,3-diethylbenzene,
1,2,4,5-tetramethylbenzene, 2-ethyl-p-xylene and tri(propylene glycol)
methyl ether. Palmitic acid was enriched in the volatolome of fourth week
youngsters compared to neonatal pups. The results demonstrated the great
potential of the new sampling procedure combined with GC-MS based

untargeted volatolomics to identify volatile pheromones in mammals.
Keywords

Dynamic headspace; Volatolomics; Untargeted metabolomics; Mouse

pheromones; Maternal care; GC-MS
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1. Introduction

Animals use chemical senses for inter-individual communication. In
many species this includes the excretion or secretion of pheromones,
chemicals delivered by an individual that elicit a stereotyped response (either
behavioural or neuroendocrine-developmental) in conspecifics [1]. Rodents,
which are commonly used in experimental biomedicine, are macrosmatic
mammals, e.g. they display two highly developed nasal chemosensory
systems [2] for monitoring the presence of relevant chemicals in their
environment, the vomeronasal organ (VNO) and the olfactory epithelium
(OE).

In the last thirty years, an intense investigation has partially clarified
the chemical nature of mouse pheromones mediating a wide variety of social
interactions [3]: intersexual attraction, inter-male or maternal aggression;
and other behavioural interactions between adult individuals, male
avoidance of female youngsters as sexual partners, male effects on female
sexual maturation, avoidance of ill conspecifics [4] and pup killing by
sexually-naive males [5]. This has uncovered many molecules putatively
involved in social communication in mice, which include volatiles such as
farnesenes, thiazolines, heptanones, steroids or small formyl peptides, as well
as molecules with lower volatility. Surprisingly, there have not been attempts
to identify molecules involved in maternal care, a crucial social behaviour that
ensures offspring survival and promotes proper neurodevelopment of pups
thus facilitating mental and bodily health [6,7]. There is solid evidence
indicating a major role of olfaction in pup care: anosmic mothers either eat
or abandon their pups [8,9]. Together, these findings suggest a key role of
chemical stimuli (mainly volatile odorants) in maternal care, although there
is a need of identifying the molecules involved. This requires analysing the
volatiles emitted by the whole body of pups.

The analysis of the emitted volatiles can be done by means of different
analytical approaches. Among them, metabolomics, the “-omics” technique
focused on the small molecules or metabolites of a biological sample that
changes in response to an internal or external alteration (disease,
environmental or simply growth) is a good alternative. Although targeted

metabolomics has been more commonly used [10], the potential of facing the
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study through an unbiased screening global methodology (untargeted
approach) seems a good alternative [11,12]. To unravel the biomarkers
involved in such changes, statistical tools such as multivariate statistical
analysis are employed [13]. Finally, when the study is focused on the volatile
or semi-volatile emitted part of the metabolome, the term volatolomics is

generally used [14,15].

Gas chromatography coupled to mass spectrometry (GC-MS) is the
gold standard for the analysis of the volatile organic compounds (VOCs) as
chemical messengers or volatile pheromones [12,14,16]. Compound
separation by GC followed by MS detection, traditionally using electron
ionization (EI) source, is a sensitive and reproducible combination with a
great capability in tentative identification based on the mass spectra search

in commercial libraries [12,14,17].

One of the critical aspects when conducting a study of the VOCs that
constitute the volatolome is the sampling step. The VOCs are emitted to/from
various body fluids and tissues. Their final excretion through physiological
fluids and glandular secretion constitutes a matrix of olfactory signals directly
related to communication and interaction between animals [14,15,18]. For
their extraction from the different biological material, the use of the proper
enrichment extraction techniques such as dynamic headspace with sorbent
trapping (DHS-P&T) is required. This allows extracting the volatile
components from the matrix by dynamic purge of the headspace with,
usually, an inert gas and then trapping them in a sorbent. This technique is
characterised by its high volatile recovery and pre-concentration factor
entailing an enhancement of the sensitivity, along with a good efficiency, low
sample manipulation and solventless approach [16,19,20]. Additionally,
thanks to the use of a thermal desorption unit (TDU) mounted on a
programmed temperature vaporiser injection system the compounds can be
directly and efficiently transferred into the GC, further reducing the sample
handling and solvent use [14,21].

In our case, however, we are interested in obtaining samples of pup's
whole body volatolome and, therefore, animals must be alive and comfortable
throughout extraction and the methodology requires repeating sampling in

the same animals at different periods of time. This work explores an
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adaptation of the traditional methodology by using air instead of an inert gas
to remove and preserve the intact volatolome of none-stressed, healthy
animals. To the best of our knowledge, this approach has never been used
before. To do so, the volatolome of 4-6-day old pups, which elicit intense,
dedicated care in postpartum females [22], and the one corresponding to 21—
24 day old pups, the approximate age of weaning, when pups are largely
rejected by the dam, are compared to identify volatolome changes during pup

development.

Therefore, the aim of the work was to apply this novel sampling
technique combined with untargeted volatolomics approach based on TDU-

GC-MS, to identify putative pup pheromones inducing maternal care in mice.
2. Materials and methods
2.1. Chemicals and reagents

Internal standards (IS) 4,4'-difluorobiphenyl, 4-methyl-2-pentanol
and methyl octanoate were purchased from Sigma Aldrich (Germany). An
internal standard working solution was prepared with the previously
mentioned compounds at 19 pg mLl, 100 ug mL?! and 25 pg mL™!
respectively in hexane. For identity confirmation, the following compounds
were purchased: di(propylene glycol) methyl ether, tri(propylene glycol)
methyl ether, di(ethylene glycol) monobutyl ether, 2-phenoxyethanol,
1,2,4,5-tetramethylbenzene, 1,3-diethylbenzene, isomethyl ionone and
palmitic acid from Sigma Aldrich (St Quentin Fallavier, France); tridecanol
from Alfa Aesar (Karlsruhe, Germany); 2-ethyl-p-xylene from abcr GmbH
(Karlsruhe, Germany) and 4-nonenal from Ambinter (Orléans, France).
Alkane standard solution C8—C20 (Sigma-Aldrich, Germany) was used for
Linear Retention Index determination. The organic solvent hexane (trace
Analysis quality (AT) GC) was provided by Scharlau (Barcelona, Spain).
Tenax® TA glass TD tube, fritted, O.D. 6 mm x 4 mm (i.d.) x L. 60 mm,
preconditioned, 60—80 mesh, used as traps were purchased from Gerstel
(Miilheim an der Ruhr, Germany).

242 Talanta 235 (2021) 122786



5.2 Scientific article V

2.2. Animals

In this experiment, a total of n = 4 female mice of the CD1 strain
(Janvier Labs, France) of 10 weeks of age were used. Animals were treated
throughout according to the European Union Council Directive of June 319,
2010 (6106/1/10 REV1). Accordingly, procedures were approved by the
Committee of Ethics on Animal Experimentation of the Jaume I University of
Castellon where the experiments were performed and, ultimately, by the
Valencian Conselleria d’Agricultura Medi Ambient, Canvi Climatic i
Desenvolupament Rural (code 2019/VSC/PEA/0049). After mating with an
adult male, females were weighted daily to check that they were pregnant and,
by day 14-15 of pregnancy, were provided with enough nest material
(shredded filter paper) and housed individually in polypropylene cages (145
mm wide, 465 mm long and 215 mm high; Panlab) under controlled
temperature (24 + 2 °C) and lighting conditions (12 h:12 h; lights ON at 8
a.m.), with ad libitum access to food and water. All the precautions were
taken to avoid contamination with volatiles coming from the personnel
involved in the handling of animals during the experiment (no use of

perfumes and/or cosmetics).

2.3. Experimental design for studying volatolome through
pup development

Mating was planned so that two females delivered 17 days after the
other two. This allowed processing at the same time new-born pups and pups
by the age of weaning. When the younger pups were 4 days old and the elder
ones were 21-day old, extraction process was started. Volatiles were extracted
from animals of the two ages in parallel (see Table 1) in two non-consecutive
days, thus obtaining volatiles of pups of 4- 6- (first week pups) and 21- 23-
days old (fourth week pups). One week afterwards, volatiles were extracted
again from the younger pups for two additional days, thus getting data from
10- and 12-day old pups (second week pups).
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2.4. Purge and trap extraction procedure from whole alive

animals

Volatiles were extracted from groups of sibling pups of both sexes. Pups
of the same group were gently removed from the nest, weighed and
introduced together in a conic flask with a cotton litter (Fig. 1). The number
of pups of each group and the volume of the conic flask depended on the
postnatal day evaluated: during the 1st week of life, 8 pups in a 150 mL flask
(total mass ~26 g), in the 2nd week 6 pups (total mass ~33 g) and a 250 mL
flask and finally for the 4t week 3 pups (total mass ~52 g) in a 250 mL flask.
The flask was closed with a glass tap with a connection tube for the air
entrance, and another as exit that was connected to the sorbent Tenax® TA
TDU trap cartridge tube (Fig. 1). The sorbent trap was previously spiked with
10 pL of the internal standards working solution for future extraction
deviation correction. For 1st and 2" week pups, whose thermoregulation
capability is much reduced, flasks were put on a heated sand bath at 35 — 40
°C during volatile extraction to ensure pup comfort and avoid stress that
could modify the volatolome. The DHS-P&T extraction was carried out for 90
min with an air flow of 500 mL min! induced by a vacuum pump device.
Immediately after extraction, pups were returned to the nest with their
mother, and a second extraction of the same flasks with the soiled-cotton
litter was performed with the same conditions except that the temperature
was set at 60 °C. Table 1 presents the experimental design used in the
different extractions. Each day of analysis, a blank with cotton litter (cotton
litter blank) and an empty flask blank (air blank) were extracted with the
same procedure for each extraction batch. After the extraction process the
sorbent trap tubes were desorbed in a thermal desorption unit and the

analysis was carried out in a GC-EI-MS analytical platform.
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Air entrance Tenax Cartridge
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induced air flow

Cotton litter

Fig. 1. Experimental design used for alive mice pup volatolome extraction by purge
and trap.

Table 1. Experimental conditions of the mice pup volatolome purge and trap

extraction.
N° of N° of mice Postnatal Postnatal Conicflask  Extraction
Experiment
replicates pups week day volume (mL) Temperature
! * 8 1 4 35-40°C
1_nest 4 up sorled-cotton litter atter 60 °C
experiment 1
2 * 8 1 6 35-40°C
2 nest 4 up soiled-cotton litter after 600C
experiment 2
2 * 6 2 10 35-40°C
i . 250
3_nest 4 Pup sglled-cotton litter after 600c
experiment 3
4 * 6 2 12 35-40°C
4_nest 4 up soiled-cotton litter after 600C
experiment 4
> * 3 4 21 250 Ambient
6 4 3 4 23 250 Ambient

2.5. GC-EI-MS analysis

The gas chromatograph Agilent 6890 Plus Series coupled to a
quadrupole mass spectrometer, Agilent 5973 N Mass Selective Detector, with
an EI source was used for the mice pup volatolome analysis. The MPS 2

autosampler from Gerstel (Miilheim an der Ruhr, Germany) was employed
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and the injection system involved two parts; TDU and CIS 4 PTV. First, the
Tenax® TA sorbent tubes were thermally desorbed with the TDU in splitless
mode with a desorption program starting at 50 °C with 1 min equilibrium
time, and then heated to 260 °C at 12 °C s! and held for 8 min. The CIS 4
PTV was equipped with Tenax® TA packed liner and the temperature
program started at 40 °C during 1 min, followed by a temperature ramp at 12
°C min! until 260 °C and held for 8 min. The transfer line temperature was
set at 260 °C.

The GC separation was carried out on a 30 m x 0.25 mm DB-5MS (0.25
um film thickness) capillary column (J&W Scientific, Folsom, CA, USA), with
helium at a constant flow of 1 mL min! as carrier gas. The oven temperature
program started at 70 °C for 3 min; then increased to 300 °C at 10 °C min!
and held for 9 min (total chromatographic run 35 min).

2.6. Data treatment

The GC-MS data were converted to netcdf file format using
Chemstation® (Agilent) to perform the data pre-processing with PARADISe
(PARAFAC2 based Deconvolution and Identification System) data treatment
software. Approximately 200 regions of interest (ROIs) along the
chromatogram were manually selected taking into consideration not to leave
empty spaces between the intervals and being aware of peak presence when
visible in the total ion chromatogram (TIC). The software calculated a model
with a maximum of 8 components with 50,000 iterations for each ROI, in
order to resolve the underlying and/or overlapping compounds. The models
for each ROI were optimised selecting a maximum number of compounds
while reaching a background removal, maintaining the model fitting and
model consistency over 95 % and avoiding model overfitting. The spectra of
each deconvoluted component were automatically compared with the
NISTO8 (National Institute of Standards and Technology) mass spectral
library and each component was tentatively assigned to the best NIST match.
Subsequently, a report in .xls format was created with the list of compounds
and their peak area in each sample. These areas were normalised based on
the area of the closest internal standard (IS) and the total mice pup weight of
each extraction, to correct the differences due to the instrumental drift and to

adjust the emitter volatolome to the body mass of the pups, respectively.
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The statistical analysis was performed using EZinfo 3.0 software
(Umetrics, Sweden). A pareto-scaling was applied by Ezinfo previous to the
evaluation of the samples differences with the multivariate analysis by
principal component analysis (PCA), Partial Least Squares — Discriminant
Analysis (PLS-DA) and orthogonal PLS-DA (OPLS-DA).

3. Results and discussion
3.1. Mice pup conditions during volatolome sampling

The procedure employed for volatolome extraction apparently did not
interfere with pup's growth and comfort. In fact, in many instances, young
pups were calmly sleeping during volatolome extraction, thus proving the
lack of stress and assuring the intact volatolome. Accordingly, pups were
always taken care by the dams when returned to the nest and gained weight
according to the standards (Fig. 2).

Mice pups weight change with time

1

10 12 14 16
1
-1

Weight (g)

8
|

=
4
Time (day)

Fig. 2. Mice pup' weight change with time

For volatolome extraction, the number of animals was adjusted
according to their age (Table 1), based on the assumption that the
volatolome load is proportional to the total mass of the sampled animals.
Despite this, since there is a huge increase in the body weight due to
exponential growth of the pups (Fig. 1), the total mass sampled was used to
normalise the acquired signals.
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3.2. Experimental set up for whole volatolome extraction

from alive animals

The choice of the volatile extraction technique was based on the
previous experience in DHS-P&T in our laboratory [21,23]. The selection of
Tenax® TA as the sorbent was based on cited previous works, as good results
were obtained for volatiles sampling due to its universality, high retention
range and good response to thermal desorption. Nevertheless, the procedure
had to be adapted from food matrices to alive mice pups. Firstly, the typical
continuous extraction with a flow of an inert gas (as dry N») was unfeasible to
preserve the mice pups’ life. The carrier gas was substituted by ambient air,
whose entrance was forced with a vacuum pump device and the flow was set
to approximately 500 mL min~! draw-in air. Although the purging gas used
was not inert, it was assumed that the possible oxidations occurred in the
volatolome with the ambient air were those that naturally occur and,
therefore, the markers detected would be those that the mouse dams actually
perceived. Moreover, in order to rule out compounds coming from the air
and/or the cotton litter, blanks were also extracted (empty conic flask and

conic flask with cotton litter, respectively).

Secondly, it is usual to increase temperature to promote the release of
the volatile components from the matrix. In the case of the extractions with
the mice pup, increasing the temperature too much could stress pups thus
possibly causing unwanted changes in the volatolome. Therefore, the sand
bath was set at 40 °C in mice pup volatolome extractions of the first and
second week, to reach a temperature of 37—39 °C within the flasks, which
corresponds to the comfort temperature for the pups. Extractions from fourth
week pups, which are able to thermoregulate, were carried out at room
temperature, 24 °C during the experiments. When extracting the volatile
compounds that remain in the soiled-cotton litter after the 90 min period of
the first volatolome extraction, the temperature was raised to 60 °C to further
facilitate release of volatile compounds. This second experiment was carried
out in order to obtain complementary information about the behaviour of pup
pheromones. Specifically, the experiment was aimed to check if a portion of
the pheromones emitted by pups is retained in the nest where pups are living.

Nevertheless, this was done only in the two first weeks of study because after
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the extraction, fourth week mice pup used to defecate abundantly and,
therefore, cotton bedding of these pups was discarded because it can be

contaminated by bacteria-derived volatiles.

In chromatography-MS-based metabolomics, it is a common
procedure to monitor the quality of the results and the analytical process by
means of quality controls (QCs, a homogeneous pool of all samples).
Moreover, for standardizing the data acquisition process and minimize the
bias, it is advisable to randomize as much as possible the samples in the
sequence of analysis [12]. Unfortunately, none of these methodologies could
be applied as the extractions were carried out as mice pup grew up, therefore
there was no way to randomize the samples and, obviously, to make a QC.
Instead, each sorbent trap was spiked with a mix of internal standards prior
to the extraction process to ensure stability and correct the possible

instrumental drift as well as extraction deviation.
3.3. Data processing

The data processing started, as indicated above, with the conversion of
GC-MS data to a machine-independent format (.cdf) using Chemstation®
(Agilent Technologies).

PARADISe [24,25] was the processing software chosen based on the
previous satisfactory experience in our laboratory for the peak picking and

retention time alignment in VOCs analysis [21,26].

All sample data were processed simultaneously, and using the
interactive visualization of the software, the composite of the total ion
chromatograms (TIC) were divided into 199 ROIs. Each interval was then
individually PARAFAC2 modelled [27,28], which allows the peak
deconvolution based on the intensity and the spectra of the signals. Following
Khakimov et al. (2012) [29] recommendations, the validation of each model
was conducted. The software calculates models for each ROI from one to eight
components, and the optimal number was decided attending a good model
fitting and core consistency (both over 95 %), low residuals, noise removal
and avoiding model overfitting. Only the well resolved peaks with a robust
NIST match were selected for statistical processing and those that represents

baseline and artefact peak as column bleeding were eliminated.
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The optimisation of the models from the 199 intervals of the GC-MS
raw data resulted into approximately 173 components tentatively identified
and recorded with their peak area in a final report as .xIs data table.

The capabilities of PARADISe to resolve complex data system with little
user interaction, with a data analysis procedure transparent, simple and time
effective, allows to obtain consistent data matrix that facilitates the following
statistical steps. For further information, this software has been explained in

detail in our previous work of Sales et al. (2019) [21].

To correct the possible instrumental deviation, raw data were
processed dividing the peak area of each compound by the peak area of the
nearest IS in each sample. Then, the data were also corrected by the total
weight of the mice pup in each extraction. Prior to multivariate analysis, a
pareto-scaling to the obtained peak data was also applied.

3.4. Multivariate statistical analysis

Firstly, the unbiased PCA was performed as exploratory analysis of the
data obtained from the volatolome extracted from the pups of different ages.
Fig. 3 shows the evolution of the PCA loadings plot after the data corrections
mentioned before. Firstly, the main information that can be extracted from
the PCA applied to the non-corrected data (Fig. 3a) is that the blanks
extraction, both from the empty flask (blank_syst) or the flask containing
only clean cotton litter (blank_litter), are grouped and separated from the
other groups of samples, evidencing that they are significantly different to the
mice pup volatolome extractions. Once this is checked, blank data were

removed for subsequent statistical analysis.

Furthermore, it can be observed an intrinsic separation of the samples
by post-natal day and also by week, from left to right (COMP.1) from the
younger to the oldest mice pup. Since the first principal component of a set of
features is the normalised linear combination of the features, this indicates a
global, general increase in volatolome size with age. Seven principal
components were necessary to explain the 79 % of the explained variance,
where first and second component only explain the 29 % and 15 % of the
variance, respectively. After the IS correction (Fig. 3b) the variance

explained was 83 % with five components, of which 42 % corresponds to
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Comp.1 and 15 % to Comp.2. The separation of the groups by day or by week
is not significantly improved by the correction. This could be due to the fact
that the instrumental drift is not as significant as in other longer analysis
runs, and therefore this correction has not a strong impact on the data.
Nevertheless, the statistical procedure was continued with the corrected data.
Finally, in Fig. 3c it can be observed the effect of correction by the weight.
Five components were enough to explain the 82 % of the variance, 43 % by
Comp.1 and 15 % by Comp.2. Comp.1 explains the separation by age, more
evident if the samples are grouped by week, from right to left from the earlier
week to the last week of life analysed; while Comp.2 apparently finds
significant differences between day 4 and day 6 of mice pup life. A possible
reason why volatolome could be affected in this way is that during this two-

day period the mice pup began to develop fur [30].

The same processing workflow was applied to the data of soiled-cotton
litter extraction at 60 °C performed after the mice pup volatolome extraction.
The PCAs obtained after correction by internal standard and mice pup weight
showed that only three components were necessary to explain the 76 % of the
total variance and it can be observed a separation between the samples by
days of life and by week (Fig. S1).

Subsequently, after the primary examination of the data with PCA, the
partial least squares discriminant analysis (PLS-DA) was applied. This
supervised multivariate statistical analysis considers additional information
about the samples to try to reach a target grouping. Based on the information
extracted from the PCA, it was considered that it might be more interesting
to attempt the grouping by weeks. The PLS-DA obtained (Fig. 4 and its
corresponding loading plot Fig. S2) reach a successful classification of the
samples of mice pup extracted volatolome with 97 % of the variance explained
and 87 % of the predicted with six latent variables. The groups (weeks) are
separated along the first latent variable, which explains the 43 % of the total
variance. Moreover, there is also a separation along the second latent variable
(11 % of the explained variance) related to the second week of life.
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Fig. 3. PCA score plots in the plane Comp.1 vs Comp.2 of the samples of mice pup
volatolome extraction: (a) the non-corrected data with blank samples; (b) data
corrected the nearest internal standard and (¢) data corrected by the nearest IS and
subsequently by the total weight of mice pup in each extraction.
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Fig. S1. PCA score in the plane Comp.1 vs Comp.2 of the remaining volatolome in the
sotled-cotton litter extraction at 60 °C data, corrected by the nearest IS and subsequently
by the total weight of mice pup in each extraction.
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Fig. 4. PLS-DA in the LV.1 vs LV.2 plane score plot of the samples of mice pup
volatolome extraction data (internal standard and mice pup the total weight corrected)

grouped by weeks of life. From the 97 % of the variance explained in this model 43 % and
11 % corresponds to LV.1 and LV.2 respectively.
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Fig. S2. Corresponding Loading Plot for the PLS-DA model obtained from the samples

of direct mice pup volatolome extraction data (internal standard and mice pup the total
weight corrected) grouped by weeks of life.

Since the objective was to focus on those volatiles that are present at
high concentrations in the volatolome of young pups, an OPLS-DA was
applied facing the logically more dissimilar of the mice volatolome extraction
groups, week 1 vs week 4. The S-plot from the OPLS-DA permitted to
highlight the markers more relevant for this differentiation (Fig. 5): In this
plot the markers are distributed according to their discriminatory power
between the two groups selected, being the most discriminant those with a
p(corr) closer to 1. It was used as a threshold to select the most relevant
marker a p(corr) > 0.8, obtaining 42 compounds which had a higher
abundance in week 1 and 2 than in week 4, and 3 compounds with higher
abundance in the week 4. It was studied the presence of these features in the
blank samples (blank_syst and blank_litter), and 11 out of 45 were discarded
as their signal was relevant enough and cast doubt on their validity as

markers.
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Fig. 5. OPLS-DA S-Plot for individual biomarker highlighting. Markers with a p(corr)

> 0.8 are coloured in red and blue with higher presence in the week 1 and week 4
respectively.

3.5. Elucidation process

Putative identifications of the relevant compounds selected form the S-
plot were reviewed. These tentative identifications were obtained thanks to
the automatic comparison between the deconvoluted spectra and the NIST
EI spectral library (NISTO8 version) performed by PARADISe software.
Additionally, the Linear Retention Indices (LRIs) were calculated for each
compound using a C7—C20 alkane mixture. Those features with NIST match
factor lower than 700 and/or a LRIs match with the NIST library below +20
were not identified, remaining a total of 24 markers with a reliable tentative
identification.

Finally, 15 markers corresponding to 13 different compounds were
selected to be purchased according to their discrimination power and their
availability. Following the criteria of our laboratory and the Chemical
Analysis Working Group (CAGW) Metabolomics Standards Initiative (MSI)
[31], their identities were confirmed by the comparison of spectra and
retention time with the reference standard injected under the identical
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sample analysis conditions. Two putative markers did not match with the
retention time of reference standard, and therefore were discarded. Table 2
shows the results of the 13 markers finally identified, with their retention
time, molecular formula, the molecular ion, the NIST match and the
experimental and theoretical LRI. In the case of the two peaks corresponding
to Tri(propylene glycol) methyl ether, no theoretical LRIs were found, but
their identities were confirmed with the injection of the commercially
available mixture of isomers. Fig. S3 shows intensity variations across the
samples for each of these markers using variable trend plots.

3.6. Putative pup volatile pheromones

As shown in Table 2 and Fig. S3, we have identified several volatile
compounds that are secreted by pups of the 1st and 2nd weeks of age, when
pups elicit intense care in adult females and motivated maternal behaviour in
lactating dams [32], but their secretion decreases as the pups get older and
are very scarce in the volatolome of 4-week youngsters (the age of weaning).
Therefore, these compounds can possibly act as chemosignals in the context
of mother-pup interactions, thus maybe qualifying as pup-derived maternal

behaviour-inducing pheromones.

Among the compounds identified in the volatolome of 1st and 2nd
week old pups, there are three glycol ethers (di(ethylen glycol) methyl ether,
di(propylen glycol) methyl ether and tri(propylen glycol) methyl ether). We
have not found previous reports of these compounds being direct metabolites
in vertebrates or invertebrates, even if they are commonly used in industry
(as solvents and hydraulic fluids) and, as pollutants, their derived metabolites

have been analysed in rodents [33] in the context of their possible toxicity.

On the contrary, 4-nonenal has been reported as a pheromone
secreted by females of Drosophila [34] and also of the stink bug Acrosternum
aseadum [35]. As far as we know, no previous reports indicate its role in

chemical communication in vertebrates.
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Table 2. GC/MS measurements for the identified pup-derived volatile markers.

P[Corr] R Molecular M+e NIST LRI LRI Reported in
MARKER
value (min) formula (m/z) match Experimental ? NIST library &
0.96 Isomer 1 5.98 907 1000
Di(propylen glycol) methyl ether C,H,0,4 148¢ 981
0.95  Isomer2 5.92 894 997
0.91 4-nonenal 7.64 CoH,,0 140 893 1095 1096
0.90 Di(ethylene glycol) monobutyl ether 9.14 CgH 305 162¢ 860 1189 1189
0.88 2-phenoxyethanol 9.69 CgH,(0, 138 869 1222 1221
0.88 Isomethyl ionone 13.24 Cy4H,,0 206 702 1477 1473
0.88 Tridecanal 13.67  Ci3Hy0 198¢ 903 1511 1513
0.87 1,3-diethylbenzene 7.02 CyoHyy 134 802 1060 1055
0.87 1,2,4,5-tetramethybezene 8.05 CoHyy 134 772 1120 1116
0.87 2-ethyl-p-xylene 7.51 CyoHyy 134 880 1088 1093
0.87 Isomer 1 10.88 928 1302
Tri(propylene glycol) methyl ether CyoH,,0,4 206¢ b
0.87 Isomer 2 10.95 797 1307
-0.87 n-Hexadecanoic acid (palmitic acid) 18.67  C;H3,0, 256 914 1961 1963

@ The Linear Retention Index (LRI) were obtained for each compound from NIST Library
(https://webbook.nist.gov/) according to the most similar column and chromatographic conditions.

aThere are not reported LRI in NIST library for this compound.

¢ Not present in the EI spectra.

Another of the 1st and 2nd week pup secreted volatiles, 2-
phenoxyethanol, was detected in the secretion of the chin gland of adult male
rabbits [36], where its concentration rises when the male becomes dominant.
However, since this compound is commonly used in cosmetics to fix
odorants, it has been postulated that 2-phenoxyethanol may also subserve a
similar function in rabbit chemical communication, so that adding it to chin
secretion would facilitate odours of dominant males to persist in the
environment and not dissipate. Whether a similar function occurs in mouse

pups, requires further investigation.

The volatolome of 1-week mouse pups is also enriched in an interesting
compound, 1,2,4,5-tetramethylbenzene or durene, the presence of which
decreases already in the second week of age. Two other similar compounds
(2-ethyl-p-xylene and 1,3-diethylbenzene) show a similar profile of secretion
during pup maturation (Fig. S3). In a pioneer study, Sam et al. (2001) [37]
used Cat** imaging to identify compounds that activate specifically mouse

vomeronasal neurons in vitro. They tested several substances previously
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suggested to be pheromones, but also mixtures of odorants for which a
pheromonal role had not been proposed. Among them, they included
camphoric odorants, of which, only durene showed a brisk, specific activation
of some vomeronasal neurons. Twenty years afterwards, our work shows that
this compound is naturally present in the volatolome of pups, and very
enriched in 1-week pups, thus suggesting a possible role for this and related
molecules, as pup pheromones eliciting maternal behaviour in dams. This

will be tested in the near future.

As compared to mouse youngsters at the time of weaning, neonatal
pups also secrete several other compounds for which we have not found
previous reference in the literature of acting as chemosignals. This includes
2-ethyl-p-xylene, isomethyl ionone and tridecanal. Some of these compounds
are plant-related odorants detected by the olfactory system of insects (1,3-
diethylbenzene [38] and tridecanal [39] sometimes used in cosmetics and
perfume industry but, to the best of our knowledge, there are no previous

reports of they being involved in animal communication.

Finally, there is a single molecule identified as enriched in the
volatolome of 4-week youngsters as compared to neonatal pups,
hexadecanoic acid (palmitic acid). This fatty acid is very common in many
vegetal oils, and it cannot be discarded that its appearance in the volatolome
of mouse pups at weaning be related to autonomous feeding of standard food
chops, maybe enriched in this nutrient. Nonetheless, its possible role in

materno-filial communication should be explored in future investigations.

Fig. S4 shows the variation in the intensity obtained across the weeks
and the comparison with the obtained ones in the soiled-cotton litter
extraction. It can be observed that only part of the volatolome is retained in
the cotton bedding, and even not retained in some case as for isomethyl
ionone and 1,3-dimethylbenzene. This suggest whereas the remaining
compounds may reach the bedding, as for example if they are excreted in the
urine, these two compounds may be released using a different way of
secretion/excretion. As hexanoic acid was not found either in the cotton litter
in the first two weeks, and the cotton bedding of the fourth week was not

analysed.
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4. Conclusions

This work has proven the usefulness and validity of a novel sampling
procedure for volatolome extraction of whole, alive mouse pups. Its
combination with untargeted metabolomics GC-MS approach has allowed
identifying putative pheromones involved in maternal behavior.
Investigation on the volatolome of mouse pups from first week (neonatal,
receiving maternal care) to fourth week of age (time of weaning) has shown a
more rich and abundant volatolome in neonatal pups (receiving more
maternal care), supporting previous evidence that suggests a role of chemical
communication in maternal behavior. Several of the compounds of neonatal
pups are virtually absent in 4-week youngsters and are candidates to pup
pheromones eliciting maternal care in adult females. The use of the software
PARADISe in combination with NIST spectral libraries have allowed a robust
peak detection and an effective tentative identification. Eleven of these
putative pheromones identities have been confirmed with the commercially
available standard, one of which, 1,2,4,5-tetramethylbenzene, has previously
been shown to activate specifically sensory cells of the vomeronasal organ of
adult male and female mice. On the other hand, we have identified a single
compound, palmitic acid, which is enriched in the volatolome of 4-week
youngsters as compared to neonatal pups, although it is not clear yet whether
it is related with the change in diet associated to weaning. Further research is
needed to clarify the putative role of these compounds in materno-filial

communication and the regulation of maternal behaviour.
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Fig. S3. Variable trend plot of the 13 identified markers corresponding to 11
compounds from the mice pup volatolome extraction (areas obtained by PARAFAC and
corrected with the internal standard and mice pup the total weight).
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Abstract

The present study is focused in the determination of low-volatile
chemosignals excreted or secreted by mouse pups in their early days of life
involved in maternal care induction in mice adult females. Untargeted
metabolomics was employed to differentiate between samples collected with
swabs from facial and anogenital area from neonatal mouse pups receiving
maternal care (first two weeks of life) and the elder mouse pups in the
weaning period (4t week old). The sample extracts were analysed by liquid
chromatography (LC) coupled to ion mobility separation (IMS) in
combination with high resolution mass spectrometry (HRMS). After data
processing with Progenesis QI and multivariate statistical analysis, five
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markers present in the first two weeks of mouse pups life and putatively
involved in materno-filial chemical communication were tentatively
identified: arginine, urocanic acid, erythro-sphingosine (d17:1), sphingosine
(d18:1) and sphinganine. The four-dimensional data and the tools associated
to the additional structural descriptor obtained by IMS separation were in
great help in the compound identification. The results demonstrated the great
potential of UHPLC-IMS-HRMS based untargeted metabolomics to identity

putative pheromones in mammals.
Keywords

untargeted metabolomics, ion mobility, chemical signalling, mouse

pheromones, maternal care, HRMS
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1. Introduction

The role of chemicals for intra- and inter- specie communication has
been widely demonstrated through the animal kingdom. Many species use
true pheromones [1], e.g. chemicals excreted and/or secreted that elicit
stereotyped behavioural and/or neuroendocrine-developmental responses in
conspecifics [2]. Macrosmatic mammals such as rodents, possess two nasal
chemosensory systems for monitoring of chemicals in their environment,
including pheromones: the olfactory epithelium (OE), which detects a myriad
of volatiles present in the air; and the vomeronasal organ (VNO), which
detects compounds with high and low volatility [3]. Screening the response
of the VNO of mice to different chemicals revealed that vomeronasal cells also
respond to many volatile pheromones as well as to small molecules secreted
by predators (carnivores) [4]. The last thirty years of investigation have
uncovered many molecules with different physico-chemical properties
mediating a wide variety of social interactions including as kin and individual
recognition, sexual attraction, dominancy, aggression among others [5]. In
addition, several studies have demonstrated a role of chemosensing in the
interaction of adult mice with pups. For example, some chemosignals
apparently mediate pup killing by sexually-naive males [6], which seems
largely dependent on signalling in cells of the vomeronasal organ [7].
Moreover, induced anosmia results in dramatic changes in the response of
females to pups resulting from maternal neglect to systematic pup killing
[8,9]. However, it is surprising that no study has been carried out to unveil
the chemical cues involved in materno-filial communication, in spite of the

crucial role of maternal behaviour in pups survival and development [10].

In our first paper on that issue, it was explored volatile putative
pheromones involved in materno-filial communication in mice [11] by
comparing the volatolome of neonatal pups, receiving dedicated care by their
mothers, with 4-week pups, e.g. the age of weaning. In this study, the aim was
focused on those molecules with lower volatility present in the body surface
of neonatal pups (anogenital and facial regions) that could induce maternal
care in mice, and that they decrease with age until weaning. To do so,
untargeted metabolomic approach was used for screening metabolites, which

can act as a pheromone. This comprehensive methodology aims to

Talanta (2021) Submitted 271



Chapter 5. Intra-species chemical communication

differentiate between samples coming from an organism that has suffered
changes in their metabolite fingerprinting in response to internal (genetics,
disease, growth...) or external (environmental, diet...) perturbations [12,13].
As our objective was to focus on low-volatile compounds excreted or secreted
by mouse pups, reversed phase liquid chromatography (RP-LC) was the
technique of choice for the separation of medium to non-polar compounds
that can constitute some of the released pheromones. The evolution of
untargeted metabolomics has been possible thanks to the implementation of
powerful statistical tools such as multivariate statistical analysis [14], as well
as the great improvement in analytical instrumentation [15]. In particular,
ion mobility mass spectrometry (IMS) introduction to the conventional liquid
chromatography coupled to high resolution mass spectrometry (LC-HRMS)
has an emerging role in untargeted metabolomics in the generation of
multidimension data to support metabolites identification [16]. UHPLC-
IMS-HRMS combination provides an extra separation dimension through
the drift time (DT), later converted into collisional cross section value (CCS,
A?), to the conventional three-dimensional data formed by retention time
(Rt), accurate mass (m/z) and intensity from LC-HRMS. This additional
molecular descriptor is dependent on the individual size, shape and charge of
a molecule, and therefore, it can be transversal between instruments
regardless of the chromatographic technique employed [17]. In fact, the CCS
value is being added to the compound databases together with the spectral
information; and various CCS prediction tools have been developed to help in
the compound identification process [18,19]. Therefore, in this work an
untargeted metabolomic approach in combination with UHPLC-IMS-HRMS
was applied to samples collected from facial and anogenital area of mouse
pups, in order to identify putative chemosignals with low volatility involved
in the maternal care induction, not covered in the first part of the study. In
addition, the contributions of IMS and its associated tools to the

identification process are explored.
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2. Materials and methods
2.1. Chemicals and reagents

Methanol LC-MS grade was purchased from Scharlab (Barcelona,
Spain), as well as formic acid eluent additive for LC-MS. To obtain HPLC-
grade water a Milli-Q water purification system (Millipore Ltd., Bedford, MA,
USA) was employed. Leucine-enkephaline HPLC-grade (mass axis
calibration) was purchased from Sigma-Aldrich (Saint Louis, MO, USA).

2.2. Animals, experimental design and sampling

To perform the study, a total of n = 4 mouse female (CD1 strain, 10-
week-old) (Janvier Labs, France) were employed. Animals were treated
throughout according to the European Union Council Directive of June 319,
2010 (6106/1/10 REV1) and the study was approved by the Committee of
Ethics on Animal Experimentation of the Jaume I University of Castellon,
where the experiments were carried out and, ultimately, by the Valencian
Conselleria d’Agricultura Medi Ambient, Canvi Climatic i Desenvolupament
Rural (code 2019/VSC/PEA/0049).

After mating with an adult male, the pregnancy was carefully controlled
following the conditions extensively described in Lacalle-Bergeron et al.,
2021 [11]. This second study was carried out simultaneously to the one

referred in our previous article and used the same animals.

Two of the females delivered 17 days before the other two as planned,
in order to process in parallel pups of different ages. In this way, the first day
of experimentation, right after the volatolome extraction for our previous
study [11], the surface of the body pheromones was sampled simultaneously
in neonatal pups (4-day old) and pups at the age of weaning (21 days-old), by
gently rubbing their anogenital region with a cotton swab for 1 minute, and
then the orofacial region (eyes, nose, mouth) with another cotton swab. This
sampling procedure was performed for four consecutive days per week, thus
obtaining samples from pups of 4-to-7-days old (1st week pups) in parallel to
21-to-24-days old (4t week pups). The following week, the younger pups
were sampled again, thus obtaining samples from 10-to-13-days old pups
(2nd week pups).
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2.3. Extraction of low-volatile putative pheromones

Three swabs coming from the same body area of 3 pups selected
randomly from the same litter (siblings, with independence of the sex) were
soaked together in 1500 pL of acetone and further extracted in a thermostatic
water bath at 25 °C with ultrasound assistance for 20 min (Figure 1).Then,
the organic solvent was evaporated to dryness at 35 °C under a gentle stream
of nitrogen, to finally reconstitute the residue in 150 pL of methanol for
instrumental analysis. In total, four samples per day and per area were
obtained, and 4 days were studied per week (Table 1). Each day of analysis,
blank extracts were performed following the same procedure with three clean
swabs. From each sample extract, 50 ul. were aliquoted to be pooled as a
quality control sample (QC), which was injected at the beginning of the
sample batch for chromatographic column conditioning and every 10

samples to ensure the stability and repeatability of the system.

Acetone
After taking out the swabs,
Evaporation with N steam of the solvent

UPLC-IMS-QTOF MS

and

reconstitution with 150 uL MeOH

Ultrasound bath 20 min

Acetone

Figure. 1. Experimental design used for alive mice pup low-volatility putative
pheromones collection. Swabs gently rubbed in the facial area are coloured in orange
and those for the anogenital area in blue. Three swabs from different mice pups but from

the same zone (facial or anogenital) were extracted together.

2.4. Instrumentation

Ultra-high performance liquid chromatography (UHPLC) with
ACQUITY UHPLC I-Class system (Waters, Milford, MA, USA) was coupled to
a VION® IMS QTof (Waters, Manchester, UK), ion mobility hybrid
quadrupole time-of-flight (IMS-QTOF) high resolution mass spectrometer
(UHPLC-IMS-HRMS) using electrospray interface operating in positive
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ionization mode (ESI+). Equipment control, data acquisition and processing
were performed using UNIFI software (V.1.9.2, Waters, Manchester, UK).

The chromatographic separation employed was reversed phase liquid
chromatography (RPLC) using a CORTECS® C18 fused-core 2.7 um particle
size analytical column 100 x 2.1 mm (Waters). The flow rate was set at 0.3
mL/min, column oven at 40 °C and 1 uL sample injection volume was
selected. The mobile phases employed were A = H>0 and B = methanol, both
with 0.01 % formic acid. The gradient changed from 10 % B at t = 0 min to 90
% B at t = 14 min, holding it for 2 min, and at t = 16.01 min B decreased to

10 % and held for 2 min; total run time 18 min.

Regarding the HRMS analyser, the capillary voltage was set at 0.7 kV
in ESI+ ionization mode. Nitrogen was used as desolvation gas, nebulizing
gas, mobility gas and collision gas. Source temperature was set to 120 °C and
desolvation gas to 550 °C with a flow rate of 1000 L/h. The HRMS analyser
operated in MSE acquisition mode combined with ion mobility separation
(HDMSE). As normal MSE acquisition mode, it is a type of data independent
acquisition (DIA) analysis where two functions are acquired sequentially: low
energy function (LE), with a fixed collision energy at 6 eV, and high energy
function (HE) with a ramp of collision energy from 28 to 56 eV. Both

acquisitions were performed from 50 to 1000 Da and at 0.3 s scan time.

“Major Mix IMS/T of Calibration kit” (Waters) infused at 20 puL/min
flow rate was used for calibration of mass axis and drift time. For automated
accurate mass correction, 100 ppb Leucine-Enkephalin acetonitrile:H-O
(50:50, v/v) at 0.01 % formic acid solution was infused at 20 uL./min into the
system through the lock-spray needle and measured every 5 min with 0.3 s
scan time during the sample injection (ensuring a measurement at the
beginning and at the end of each run), monitoring the protonated molecule
m/z 556.27658.

2.5. Data processing and statistical analysis

Raw data from VION instrument (.uep, UNIFI, Waters) were imported
into Progenesis QI (v3.0, NonLinear Dynamics, Waters, UK) for data
processing. Progenesis QI software automatically performs 4D peak picking

(based on m/z, retention time, drift time and intensity); retention time
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alignment (with QC samples as references, except the first 9 QC injection
employed for column stabilization purposes); and response normalisation.
Peak picking conditions were set as follows: all runs, sensitivity automatic
(level 3), minimum chromatographic peak width 0.1 min and retention time
limits from 0.4 to 17 min from the total run time of 18 min. The
deconvolution was applied attending to the selected adducts and ion forms
for positive ESI+: [M+H]*, [M+Na]*, [M+K]*, [M-H20+H]*, [2M+H]* and
[2M+Na]*. The samples were divided in groups in the “Experimental Design
Setup” section of the software according to the experiment and statistical
comparison, starting by a basic classification depending on the area (facial or
anogenital) and the week of life (week 1, week 2 or week 4), following the
“Between -subject Design” comparison (samples from a given subject appear
in only one condition). One-way ANOVA calculation followed by a false
discovery rate (FDR) was performed to test differences among the groups,

setting the level of statistical significance at 95 % (p-value <0.05).

The main work of statistical analysis was performed with EZinfo
(v3.03, Umetrics, Sweden), focusing on multivariate statistical analysis. After
pareto-scaling of the data, the process started by unsupervised Principal
Component Analysis (PCA) in order to check the correct acquisition of the
samples based on the grouping of the QC replicates in the centre of the plot;
and detect possible outliers. Then, Partial Least Square-Discriminant
Analysis (PLS-DA) to maximize the separation between the pre-determined
groups and the validation of the model was performed by leaving-1/7-out
cross-validation approach. Finally, Orthogonal PLS-DA (OPLS-DA) was
carried out to highlight the most significant markers between the faced
groups (threshold p(corr) = |0.6| and p/1] loading = |0.1]).

3. Results and discussion

3.1. Experimental set up for low volatile putative pheromone

obtention

As explained in the previous research article [11], the procedure
employed did not interfere with pup’s growth and comfort (pups gained
weight according to the standards) (Table 1). The sampling from pups was
carried out quickly and accurately by the personnel accredited in animal
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handling so that the process was as stress-free as possible for the animals
under study. The pups were returned after the sampling to its mother and
kept under the appropriate and controlled conditions for its development
until the next day of sampling.

Table 1. Mice pup characteristics for each experiment day

Experiment N° of N° of mice pups Postnatal Postnatal day Mean mice pup
replicates per replicate week weight
1 4 3a 1 4 26+04g(n=24)
2 4 3a 1 5 3.0+£04g(n=24
3 4 3a 1 6 3.4+£05gn=24)
4 4 3a 1 7 39+£05g(n=24)
5 4 3b 2 10 52+08g(n=18)
6 4 3b 2 11 5.6+0.7g(n=18)
7 4 3b 2 12 59+0.7g(n=18)
8 4 3b 2 13 6.2+0.8g(n=18)
9 4 3c 4 21 125+08g(n=9)
10 4 3¢ 4 22 13.3+08gn=9)
11 4 3¢ 4 23 145+08g(n=9)
12 4 3¢ 4 24 156+£09gn=9)

23 mice selected aleatorily from the 8 mice pups of each replicate for the volatile extraction explained in
Lacalle-Bergeron et al. 2021
b3 mice selected aleatorily from the 6 mice pups of each replicate for the volatile extraction explained in
Lacalle-Bergeron et al. 2021
€3 mice selected aleatorily selected for the volatile extraction explained in Lacalle-Bergeron et al. 2021 where

the same for this second experiment

Based on the premise that some of the compounds with a putative role
as pheromones inducing maternal care could not be very volatile, this second
experiment was focused on low volatile compounds of exocrine glands
secreting an aqueous medium, such as saliva or sweat, or excreted in urine.
In both cases, these compounds are expected to be rather polar compounds.
Less polar compounds, which could be significant for chemical

communication, could also be secreted by sebaceous glands.
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The starting hypothesis was that mouse pup pheromones are
secreted/excreted during the first days of life, when dams exhibit dedicated

pup care, but their release decreases with age until weaning.

Besides the molecules that are excreted in urine/faeces, most
chemosignals must derive from secretions of exocrine glands: salivary,
lacrimal and other glands located in the chin perineal and genital areas. This
is the reason why sampling was focused on the anogenital and facial areas. To
extract them from the skin, swabs were rubbed around each area during 1
min and samples coming from each of them were treated separately.
Afterwards, the extraction of the collected molecules with the swabs was
carried out in acetone. The choice of the solvent was based on its
compatibility with molecules in medium range of polarity and the ruling out

of those too large to be covered in a metabolomic study, such as proteins.

As the pheromones should be released in a very similar way in all pups
of the same age, and regardless the sex, 3 mouse pups of the same day of age
were randomly chosen for each sample extraction. The collected sample from
each area of those 3 pups were extracted in the same 1500 uL of acetone to

increase the concentration (Figure 1).

RPLC with a C18 column was selected due to well-known behaviour,
good robustness and its ability to cover a wide range of compounds. Due to
the high sensitivity of the instrument employed and the small injection
volume required (1 pL), no additional sample treatment steps were
necessary, such as evaporation and reconstitution in more compatible solvent
for the chromatography. As it is a common practice in chromatography-MS-
based metabolomics, the quality of the results and the analytical process were
monitored by means of injection of mechanic replicates (every 10 samples) of
quality control sample (QC sample, a homogeneous pool of all treated
samples) during the chromatographic run. Moreover, it is highly
recommended to perform the sample treatment and the acquisition in a
randomised way. Although this could not be possible in the sample treatment,
as the extraction was performed as the mouse pups grew up, it was applied
for the UHPLC-IMS-HRMS acquisition of the data, assuring that the possible
instrumental drift during the sequence did not affect to a group more than

others and minimizing the bias.
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3.2. Data processing and statistical analysis

The data set acquired with UNIFI software (Waters, UK) was exported
to *.uep format (UNIFTI export package). To the best of our knowledge, only
Progenesis QI (nonlinear Dynamics, UK) program is able to process and
interpret four-dimensional data (Rt, m/z, intensity and DT) for -omics
purposes. After the data import, Progenesis QI performs 4D peak picking,
followed by retention time alignment and finally normalisation. For the
retention time alignment one sample between the QC replicates was selected
as reference (except the first 9 QCs samples injected at the beginning of the
chromatographic run for column stabilization). All samples had a high and
very good alignment (all above 90 %) and normalisation method for the
aligned data was “normalisation to all compounds”. The resulting data matrix
consisted in the detection of 6094 signals that Progenesis QI assigned to a
total of 5454 features, due to the automatic deconvolution performed with
the specified adducts selected in the setting of the peak picking. Therefore,
for those features where more than one adduct was detected the program will
annotate them as xx.xx_yyy.yyyyn (xx.xx being the retention time in minutes
and yyy.yyyy the exact neutral mass calculated when more than one adduct
ion is found for the same compound); and for single ions xx.xx_zzz.zzzzzm/z,
zzz.zzzz being the accurate mass. The 5454 data set was reduced to 3647
features after the removal of all features with poor stability in the QCs
samples, keeping all features with a relative standard deviation (% RDS)
below the 30 % within the QCs.

An exploratory visualization of the data was performed by
unsupervised multivariate analysis PCA in order to observe trends, inherent
grouping of the data and possible outliers. As QC is considered as an
“average” sample (constituted by a pool of all analysed samples), and it is
injected after every 10 samples (n = 12 replicates), the clustering in the centre
of the PCA score demonstrated the correct acquisition of the run, determining
that the inherent differentiation between the samples does not come from an
instrumental drift during the acquisition of the data. QC samples grouping
near to the centre can be observed in Figure 2, PCA score of component 1 vs
component 2, proving the proper performance of the analytical system.

Nevertheless, no inherent differentiation was observed between the groups of
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samples. Only a slight separation of blank samples can be noticed in the upper
left quadrant. Twelve principal components were necessary to explain the 88
% of the total variance. The blanks data were removed from the subsequent
statistical analysis, although they were consulted later to validate the features
highlighted in the statistics as markers by checking their absence in these
samples, demonstrating that they did not come from the swabs employed or
any other factor during the experimental procedure.

300 ]
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=)

Comp. 2 (10.0 %)
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Week 1_F
Week 1_A
Week2_F
Week 2_A
Week4_F
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-400

-500

-500 -400 -300 -200 -100 0 100 200 300 400 500 600
Comp. 1 (44.8 %)

Figure. 2. PCA score plot component 1 vs component 2 of all analysed samples from
anogenital and facial areas. The QC samples (QC m) are grouped and centred in the plot.
The samples were coloured by week and in the same tones by area: first week facial area
(Week 1_Fm), first week anogenital area (Week 1_Am), second week facial area (Week
2_Fum), second week anogenital area (Week 2_Am), fourth week facial area (Week 4_Fu)
and fourth week facial area (Week 4_Am). Blank samples were also present in the PCA
(Blank m). The variance explained was 88 %.

Then the statistical analysis was focused on the differentiation of the
samples by the age of mice pup, analysing samples coming from facial and
anogenital separately. Taking into account the information of the volatolome
separation from the first part of the study, univariate statistical analysis was
applied obtaining 338 and 912 statistically significant features for the
differentiation by week of the samples in the facial area and in the anogenital
area, respectively. From these reduced data matrices, a second PCA was
applied to interrogate the data (Figure 3A and B). Four components were
enough to explain the 83 % of the variance for the differentiation by the
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compounds collected from the facial area and eight components for the 87 %
of the variance explained for the anogenital area. Colouring the samples
according to the week of life in these two PCA, a separation by age can be
observed, the samples coming from the aged pups (week 4) are clearly
differentiated from the samples coming from the younger ones. A slight
differentiation of samples from the first and second week of life might be
appreciated in the samples coming from the facial area by the 2nd component
(Figure 3A) that it is not observed for the anogenital region (Figure 3B).
Some samples were taken as possible outliers, especially in the PCA from
anogenital samples, and they were studied in the following analysis before

considering eliminating any of them from the statistics.

Subsequently, PLS-DA was applied to both data sets, attempting to
target a grouping by week of life in this supervised multivariate statistical
analysis. The PLS-DA score plots facing the first two latent variables are
shown in Figure 4A and 4B, where classification of pups by weeks is
appreciated. For PLS-DA based on the compounds extracted from the facial
region it was obtained a 64 % of the variance explained and a 52 % of the
variance predicted with three latent variables. The PLS-DA from anogenital
area obtained a variance explained of 80 % and a predicted of 58 % with five
latent variables. Although these results in the variance might seem lower than
desirable and close to the accepted limit of 50 % for variance explained and
40 % for predicted for biological models [20], this is mainly due to the
difficulty in separating the groups of the first two weeks. However, a clear
differentiation of the groups of samples that come from the oldest pups can
be observed along the first latent variable of both PLS-DAs, the one that
explains the greater differentiation of the model (52.3 % for facial area and

36.2 % in anogenital area).
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A) PCA Facial sampling area
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Figure. 3. PCA score plot component 1 vs component 2 of from A) Facial and B)
Anogenital areas coloured by week: 15t week facial area (Week 1_Fu), 2n week facial
area (Week 2_Fnm), and 4t week facial area (Week 4_Fum); and for anogenital area 15
week (Week 1_Am), 2" week (Week 2_Am) and 4" week (Week 4_Am).The shape of the
marker changed according to the day of the week (15 day of the week o, 2d day A, 3™ o
and 4" day ¢). The variance explained was 83 % and 81 % for facial and anogenital area
respectively.
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A) PLS-DA Facial sampling area
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Figure. 4. PLS-DA score plot latent variable 1 vs latent variable 2 of from A) Facial
and B) Anogenital areas coloured by week: 15t week facial area (Week 1_Fm), 2" week
facial area (Week 2_Fm), and 4" week facial area (Week 4_Fm); and for anogenital area
Ist week (Week 1_Anm), 2nd week (Week 2_Am) and 4" week (Week 4_Am).The shape of
the marker changed according to the day of the week (15t day of the week o, 2" day A,
3 o and 4t day ). Being R? is coefficient for variance explained and Q? is coefficient for
variance predicted, the following results were obtained: R? = 64 % and Q? = 49 % for
facial sampling area and R? = 80 % and Q? = 58 % for anogenital sampling area.
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Following the objective on finding molecules with higher presence in
the first weeks, a binary differentiation was attempted with OPLS-DA,
starting by week 1 vs week 4 expecting that this facing would be the most
significant; and followed by week 2 vs week 4 differentiation, obtaining in all
of them a variance explained above the 80 % and above the 70 % for the
variance predicted (Table 2, Figure 5 and 6). The S-plots from the OPLS-
DA allowed an easiest selection of putative markers in each binary
differentiation. The most differentiating features are those with a p(corr)
closer to 1 or -1 (y-axis of the S-Plot), and with higher intensity the ones with
a p [1] loading closer to 1 or -1 (x-axis of the S-Plot). All features with a
p(corr) higher than |0.6] and a p [1] loading above |0.1|were selected as
putative markers (Figure 5 and 6). A total of 17, 14, 12 and 16 features were
highlighted in the corresponding S-Plots of facial sampling area week 1 vs
week 4 and week 2 vs week 4 and anogenital sampling area week 1 vs week 4
and week 2 vs week 4, respectively. In sum, a total of 34 features highlighted
as putative markers, since the features with higher abundance for week 1 used
to be the same as the ones more abundant in week 2, hence the little
differentiation in the PLS-DA of these two groups. In fact, the 1t week vs 2nd
week facing in the OPLS-DA was also applied with poor statistical results.
Since the objective of the study was not to confront these two groups, no

further investigation was made of said separation.

Table 2. Parameters of OPLS-DA models.

Statistical model / OPLS-DA model diagnostics

Characteristics

Facial sampling area Anogenital sampling area

Week 1vs Week4 Week 2vs Week4  Week 1vs Week4 ~ Week 2 vs Week 4

n=16vs 16 n=16vs 16 n=16vs 16 n=16vs 16
Components 2 3 4 4
Goodness-of-fit parameter - R2X 69 % 74 % 74 % 77 %
Variance explained — R2Y (cum) 80 % 92 % 94 % 96 %
Variance predicted — Q? (cum) 71 % 86 % 83 % 88 %

R? - fit how model fits the data and Q2 — predictive ability, by seven-round internal cross-validation as default
option of EZinfo software (Umetrics, Sweden)
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Figure. 5. OPLS-DA score plots and S-Plots from A) Facial sampling area Week 1 vs
Week4 and B) Week 1 vs Week4.Coloured by week: 1t week (Week 1_Fum), 2" week
(Week 2_Fm), and 4" week (Week 4_Fm).The shape of the marker in the OPLS-DA
changed according to the day of the week (15 day of the week o, 2" day A, 3" o and 4th
day ¢). Being R? and Q2 coefficients are founded in Table 2. The coloured features in the
S-plots were the ones selected as putative markers, their colours depend on the week
where they are highlighted as markers (see above).
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Figure. 6. OPLS-DA score plots and S-Plots from A) Anogeniatal sampling area Week
1 vs Week4 and B) Week 1 vs Week4.Coloured by week: 15t week (Week 1_Am), 2" week
(Week 2_Am), and 4" week (Week 4_Am).The shape of the marker in the OPLS-DA
changed according to the day of the week (15 day of the week o, 2" day A, 3" o and 4th
day ¢). Being R? and Q2 coefficients are founded in Table 2. The coloured features in the
S-plots were the ones selected as putative markers, their colours depend on the week

where they are highlighted as markers (see above).
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Moreover, most of the highlighted markers in the facial sampling area
were the same as in anogenital area. One reason could be the presence of
similar glands in both regions, as sweat and sebaceous glands. On the other
hand, the continuous licking of pups by dams could cause that the compound
released by one of the areas ended up in the other one. Before starting with
the elucidation process, it was studied the presence of these features in the
blank samples, thus discarding 23 out of 34 markers since their signals in
these samples were relevant enough to question their validity as markers. All
remaining features were markers of the 15t and the 24 week when they were
faced to the 4t week. Nevertheless, the list can be further reduced as some
type of adducts were not set in the peak picking processing, and therefore not
clustered as a single compound; or because of the presence of some in-source
fragments (formed prior to the IMS, and therefore with different DT)

detected as a different feature.
3.3. Elucidation Process

The remaining 19 putative markers were studied in order to obtain a
tentative identification. To do so, features were annotated with Progenesis QI
identification tool based on the deconvoluted HDMSE spectra and CCS data
by search and comparison with exact mass, MS/MS and CCS (if available)
information in compound and spectral databases. Moreover, the
experimental information about the parent ion, fragmentation spectra and
CCS were carefully reviewed from UNIFI raw data. The identification level of
each marker (Table 3) was set according the criteria of our laboratory based
on Celma et al. (2020) classification [21]. In Table 3 the experimental and

statistical data for each tentatively identified marker are recorded.

Markers 1 and 2 received an identification level 2a as Urocanic acid and
Arginine respectively, by match MS/MS and CCS data with available libraries
(constituted of experimental data for fragmentation and CCS for both
compounds). These two markers had a p(corr) higher than 0.85 for week 1
and 2 in both facial sampling area and anogenital (see Table 3). As an
example, the elucidation process for marker 1 is explained hereafter.
Progenesis QI performed a deconvolution of the spectra from LE (6 eV
collision energy) and HE (ramp of collision energy from 28 to 56 eV) and

compared the results and CCS data with the available compound/spectral
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databases. Even the best annotation provided by Progenesis QI (defined by
the identification score of each candidate) was carefully reviewed with raw
data. Figure 7 shows the obtained UNIFI raw data for Marker 1
(0.67_139.0500m/z, CCS 131.15 A?), including the extracted ion
chromatograms and HDMSE spectra. As IMS takes place prior to the collision
cell, the product ions from fragmentation are linked to their parent ion by the
DT of the last one. For this reason, it is possible to obtain cleaner spectra
without the interference in the LE spectra of co-eluting ions and their
fragments in the HE spectra. Figure 6A and 6B shows the LE and HE spectra
not only filtered by the retention time (0.67 + 0.04 min), as it is usual in
conventional LC-HRMS, but also by the DT (3.09 + 0.21 ms), obtaining
cleaner spectra for both energy functions. As part of the verification, the
extracted ion chromatograms of both fragments were obtained from the HE
function (Figure 7A) to verify that the peak shape is similar to the one from
parent ion. Both fragments are almost the only fragments found in the
experimental spectra of databases. All this process allowed the selection of
Urocanic acid as tentative identification among the other candidates (e.g. 4-
nitroanuline or methyl-2-pyrimidine carboxylate, isomeric compounds with
different fragmentation patterns). Moreover, there was a match with a delta
error of +1.35 % (maximum tolerance 2.5 %) with the available experimental
CCS library for Progenesis QI, increasing the confidence in the tentative

identification.

Marker 2 (0.58_175.1188m/z, CCS 136.03 A2) elucidation was carried
out in similar way to the process explained, ending in the tentative
identification as arginine. The match with the CCS library obtained a delta
error of +0.17 %. In this case, an in-source fragment (due to an ammonia

neutral loss from the amino group) was also highlighted as marker
(0.58_158.0928m/z, CCS 132.20 A2).

As arginine is a compound also susceptible to be ionised under negative
ESI mode, the identity confidence was increased by their detection in an
additional injection with negative ionization mode ([M-H]- = 173.1043 m/z,
retention time 0.59 min, 135.29 A2) of one sample from each sampling area

following the same chromatographic conditions.
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A) Extracted ion B) DT filtered Low Energy (LE) spectrum
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Figure. 7. Elucidation of Marker 1 Urocanic acid based on the chromatograms and
HDMSE spectra: A) Extracted ion chromatogram from the LE for the parent ion and HE
for both fragments along with their experimental m/z and CCS, B) DT filtered LE
spectrum, C) DT filtered HE spectrum. A structure fragmentation is proposed.

The elucidation of markers 3 (11.86_285.2743n, CCS 192.29 A2), 4
(12.38_299.2822n, CCS 195.35 A2), and 5 (12.67_301.2980n, CCS 197.60
A?) was the same as explained above. These three markers were tentatively
identified as three free-sphingoid bases, compounds that are formed by a long
aliphatic chain with a polar 2-amino-1,3-diol terminus (Figure S1). All three
showed a similar fragmentation pattern, conformed by 3 fragments due to
common neutral loses -H»0 (loss of one hydroxyl group), -2 x H-O (loss both
hydroxyl groups) and the water loss with consecutive formaldehyde (HCHO)
loss. Marker 4 was tentatively identified as Sphingosine (d18:1) and marker
5 as Sphinganine (d18:0). For marker 3, three isomeric candidates were
possible: erythro-sphingosine (d17:1), (4,14-methy-d16:1) sphingosine and
(4,15-methy-d16:1) sphingosine (Figure S1). The in-source loss of H.O
([M-H20+H]*) (set as possible ion in the Progenesis PQI deconvolution
settings) was present in all three markers, being the predominant ion in the
LE spectra in the case of unsaturated markers 3 and 4. For sphinganine
(d18:0) (marker 5) a delta CCS error of +0.40 % was obtained with the match
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in experimental library. In the other two (3 and 4), ), CCS values were
predicted using a tool specialised in lipids, LipidCCS [22]. This model was
optimised by measuring CCS of a large set of lipids and the estimated error in
the prediction for Travelling Wave Ion Mobility (TWIMS) with CCS polyAla
calibrants, as VION®, is above +5 % delta error. This tool allowed to rule out
(4,14-methy-d16:1)-sphingosine and (4,15-methy-d16:1)-sphingosine as
candidates, since delta CCS error found exceeded -30 %, and select erythro-
sphingosine (d17:1) with a delta CCS error of -2.7 % as tentative
identification for marker 3. Sphingosine (d18:1) (marker 4) obtained a delta
CCS error of -1.1 %.

Marker 3 structure candidates Marker 4 Sphingosine (d18:1)

[

NH; 2
W/ o \W\/O”

Erythro-sphingosine (d17:1) BN

Structure eliminated after CCS prediction: Marker 5 Sphingonine (d18:0)

_ on
NHz
(4,14-methy-d16:1) sphingosine o
m oH
OH

(4,15-methy-d16:1) sphingosine

Figure. S1. Tentative structures for markers 3, 4 and 5, free sphingoid bases.

Regarding marker 6 (1.88_226.0842n, CCS 145.21 A2), it is one of the
most significative markers for the first two weeks of life due to its high p(corr)
and high intensity in all the OPLS-DA facings (Figure 5 and 6). In addition
to the protonated and sodium adducts, sodiated dimer was also detected.
Moreover, 4 features highlighted in the statistical analysis were associated to
this compound as in-source fragments (1.87_125.0595m/z, CCS 123.65 A2;
1.87_170.0569m/z, CCS 129.58 A2; 1.88_153.0544m/z, CCS 125.91 A2; and
1.88_167.0701m/z; CCS 145.21 A2). The HDMSE spectra are shown in
Figure 8, where some of the highlighted in-source fragments can be
observed in the DT filtered LE spectra. The fact that these fragments
highlighted as markers, with different CCS and therefore DT from the parent
molecule, can also be seen in the filtered LE spectra, shows the easy
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fragmentation with little energy of these molecule not only prior to the IMS
(giving different CCS) but also post IMS in the collision cell with 6 eV
(associated to the CCS of the parent ion). Consequently, all of these fragments
are also observed in the filtered HE spectrum, along with many other
fragments. In fact, this molecule presents a very rich fragmentation spectrum,
which together with the isotopic pattern and the adducts found, renders a
definitive molecular formula as C11H1405 (+0.3 ppm error). Many similar
compounds obtained (Figure S2) an acceptable match when comparing the
DT filtered HE spectrum with the compound/spectral libraries (Metlin,
HMDS, Metabolic Profiling CCS Library form Progenesis QI, among others
libraries from ChemSpider specialised in metabolites). Above all, a definitive
identification could not be given to this compound. On one hand, some
fragments were present in the spectra of several candidates (some of them
predicted spectra, other experimental) making difficult to decide on one of
them. On other hand, other fragments contributed to identification
uncertainty as their presence could not be justified. Fragments m/z 77.0386
([CsH5]*, -0.5 mDa error), m/z 79.0546 ([CcH7]*, -0.2 mDa error) and m/z
91.0544 ([C;H7]*, -0.3 mDa error, tropylium ion) are known to be present in
compounds with an bencilic group (C¢Hs-CH»-). With this, 4 out of 5
unsaturations attributed to the aforementioned molecular formula would be
from a benzene ring, leaving an unsaturation probably as a carbonyl group.
The presence of the fragment m/z 195.0650 (-CH4O neutral loss, -0.3 mDa
error) in DT filtered LE spectrum could be attributed to some methoxy groups
with a methyl (some of the candidates with this group presented this
fragment in their spectra). The relatively high polarity of this compound
(retention time 1.88 min) would suggest the presence of several alcohol
groups that could be attached to the aromatic ring or to an attached alkyl
chain. However, this would cause the presence of fragments due to water
neutral losses not observed in the fragmentation spectra. In the additional
analysis of selected samples in negative ESI mode, no peak was observed at
the same retention time, therefore it could not be confirmed the presence of

a phenol or acid group (negatively ionizable).
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Additionally, as an additional tool to try to elucidate marker 6, it was
employed an in-house Rt and CCS prediction tool in our group by Celma et al
2021 [23] (previous work in CCS prediction modelling Bijlsma et al, 2017
[19]) for some of the candidate structures (Figure S2). The relative errors
obtained with this prediction tool were below +4.05 % for [M+H]* and +5.59
% for [M+Na]*, and + 2.32 min for the retention with 95 % confidence
intervals. It was observed that compounds with many methoxy groups (such
as ethyl syringate, 3,4,5-trimethoxyphenyl acetate or 2,4,6-trimethoxyphenyl
acetate), showed predicted CCS errors within the accepted limits of the
model, but they presented a predicted retention time with a deviation of
approximately 4 min, above the accepted error for this parameter. Thus, no
tentative identification could be attribute to the candidates selected for the
prediction, as none of them get an accepted error for all three parameters
predicted. Ultimately, this compound is awaiting further experiments to
determine its identity, as HDMS/MS experiments, since due to our group
policy for identifications, none of the candidates can be accepted with the

current data.

With the 6 markers recorded in Table 3, 11 of the 19 highlighted
markers have been covered, considering the in-source fragments of markers
1 and 6.

3.4. Putative low-volatile pheromones

As part of the confirmation as a marker of a tentatively identified
compound, a bibliographic search is made on its plausibility as a pheromone.
This step is especially important to justify the role of the marker in the
metabolomic studies carried out. For example, among the possible candidates
for marker 2 (finally tentatively identified as urocanic acid) was nicoxamat,
an uricosuric drug that in no case would have been given to mice, therefore,

it cannot be the identity of the compound, much less a pheromone.

Figure 9 shows the variation in abundance across weeks of the
markers (Table 3) and the comparison between facial and anogenital
sampling area. As it can be observed, all the markers were present in the first
two weeks of life in samples from facial and anogenital area. An explanation

could be that as part of the care that mice dams provide to their pups, there
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is a constant cleaning by licking. This could cause the distribution of the
compounds from one area to the other. In addition, this fact could be also
explained if these compounds are released in both areas in aqueous
secretions, saliva or tears for the facial area and urine for anogenital area.
Alternatively, these compounds are products of the metabolism of
keratinocytes, which do not differ between regions of the body. For instance,
urocanic acid is a common constituent of the stratum corneum of the
epidermis of the skin of mammals with possible photoprotective effect [24].
A simple explanation of why it is enriched in the samples from neonatal pups
could be that they are hairless, and this makes the skin outer strata easier to
erode even with gentle rubbing of the skin with a cotton swab. Moreover,
urocanic acid is a metabolite product of histidine metabolism, particularly
abundant in mammalian skin secretion and also present in saliva and urine.
Its relevance in chemical communication has been already noticed as an

attractant in mammalian skin for parasitic nematodes [25].

Arginine is an amino acid that plays and important role in many
metabolic reactions and body functions as cell division, immune functions
and protein production among others. It can be found in both urinary
excretion and saliva secretion. Due to its high presence in the body, it is
difficult to know if it has a role as pheromone. Although it is widely known
that small peptides and bigger proteins can act as such in mice [26], it is

unlikely that a simple amino acid can be used for intraspecies communication

Regarding markers 3, 4 and 5, free-sphingoid bases as sphingosine
isomers and sphinganine are employed in different lipids synthesis as
ceramides and other sphingolipids that serve as structural and signalling
molecules in various cellular events [27]. They are present in all living species
ranging from bacteria to humans, and in mammals can be found on the skin
(secreted via sebaceous glands), saliva, urine and faeces [28]. Due to their
high presence in animals, it is difficult to think that these compounds are
pheromones by themselves, since intra-specie communication requires
specific molecules that are not easily found in other organisms in the

surroundings that could interfere with the communication.
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Chapter 5. Intra-species chemical communication

Since an identification for marker 6 has not been reached, it is difficult
to determine its plausibility as pheromone. However, compounds with a
structure similar to that described in section 3.3 for marker 6 have been
reported as pheromones of different organisms (i.e. 3,4-dimethoxycinnamyl
alcohol, 4,5-dimethoxyphenol or the isomeric compound 2-hydroxy-3,4,6-
trimethoxy-acetophenone found in www.pherobase.com). This demonstrate
the potential of marker 6 as a chemical cue and, therefore, its identification
will be a target in future research, either by means of the injection of different
analytical standards of different candidates or by the use of other analytical

techniques.

Therefore, with the exception of marker 6 that awaits identification, the
remaining markers seem very common metabolites present in the skin of
mammals and/or associated to secretion of exocrine glands (salivary,
lacrimal, sebaceous). Although this make them unlikely candidate to
pheromones by themselves, when present together in a certain ratio, they
may constitute a pheromonal blend [2], a multicomponent pheromone
characterising the hairless skin of neonatal pups and facilitating maternal

care (e.g. licking grooming). This deserves being tested in the near future.

4. Conclusions

Following the first part of the study focused on volatile pheromones, in
this work we have successfully applied an untargeted metabolomic approach
to discovery of mouse pup low-volatile part of pheromones. Sample collection
with swabs allowed the work with alive animals at different stages of their
development without interfering in their normal growths and welfare. The
identification of putative low-volatile pheromones involved in the maternal
care in mice was possible thanks to the combination of untargeted
metabolomics with UHPLC-IMS-HRMS. As in previous work, the
differentiating compounds when facing samples from the fourth week of
mouse life (time of weaning) against the sample from neonatal mice (first two
weeks, receiving maternal care), essentially belonged to the latter. This
supports previous studies that suggest the role of chemical communication in
maternal care and the hypothesis that this behaviour is induced by compound
emitted in the first weeks of life. Five candidates to pup pheromones were

tentatively identified, and a sixth compound needs further investigation to
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give a candidate structure. All of them had a great presence in neonatal pups
and shows lower abundance in 4-week youngsters. The introduction of IMS
to the well stablished LC-HRMS instruments provided additional structural
information that, in combination with CCS, compound/spectral databases
and CCS predictors models; facilitates the compound identification of most
of the compiled markers. Further behavioural research with the tentatively
elucidated compounds will be carried out in order to clarify their role in

chemical communication for the maternal behaviour induction.
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Figure. 8. Comparison of normalised abundance between facial and anogenital areas
sampling areas, for the 6 markers. In orange shades the average of normalised
abundance obtained from the samples of the same week from facial sampling area (m)

and brown shades from anogenital sampling area (m).
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5.4 Discussion of the results

In this chapter, two different analytical methodologies were employed
with untargeted metabolomics for the identification of putative chemosignals
related to maternal care in mice. For both studies, the starting hypothesis is
that during the first days of age some compounds released by pups could
induce in an intensive care by mouse dams as chemical communication
response. As the pups grow, the presence of these chemical cues decreases

until their weaning.

In both studies, the sampling had to be adapted to the work with alive
animals, without affecting their well-being and growth. This was especially
important since it was intended to sample the same animals repetitively
during the period of time between 4 and 24 days-old, in order to see changes
in the secreted/excreted metabolome. It was also important that the process
was the less stressful as possible for the pups, since this could lead to the
presence of certain compounds associated with stress that could distort the

results.

In Scientific article V, the focus was on those compounds on a
volatile nature that are emitted by pups. For its collection, an adaptation of
the DHS-P&T was employed, a technique previously used in our laboratory
for the analysis of volatiles in food products, as seen in Chapter 2 of this
thesis. The main change in technique would be the replacement of N> flow
that is used to carry the compounds to the sorbent. Instead, an air flux was
induced by a vacuum pup, allowing the pups to breathe normally. On the
other hand, the flasks containing the pups were adapted to their size and, for
the smallest ones, a soft thermal sand bath was placed to maintain a
comfortable temperature. This methodology allowed to capture the
volatolome of whole alive animals, being able to be used in the future with

other small animals and adapted for larger animals.

The second study, Scientific Article VI, aimed on the obtention of
less volatile compounds not covered in the first study. Consecutively to the
volatolome extraction, surface areas of the pups body susceptible to be zones

with a high release of compound acting as chemosignals (due to the presence
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of glands and excretory ducts) were gently rubbed with swabs for their
collection.

Regarding the analysis of the compounds, the volatile compounds were
analysed by GC-EI-MS using a single quadrupole mass analyser, while for the
compounds with lower volatility, LC coupled to IMS-HRMS was employed.

On the one hand, the chromatographic separation technique was
adapted to the nature of the compounds of interest in each study, being GC
the gold standard for volatile, non-polar and thermostable compounds and
LC for polar, low-volatility and thermolabile compounds. On the other hand,

mass analysers with very different characteristics have been employed.

GC-MS with EI is one of the oldest and well-stablished coupling
techniques, being commercially available for many decades. EI is the
ionization mode most employed due to its universality, reproducibility and
robustness. Considered a hard-ionisation technique due the high
fragmentation of the compounds employing a standardised electron energy
of 70 eV, the very reproducibly fragmentation patterns are used for the
automated identification of analytes by means of spectrum libraries. The
availability of well-stocked spectral libraries as NIST library and the well-
stablished methods for retention index calculation (Kovats index and variants
as linear retention index) provides a clear advantage for GC-EI-MS in the
biomarkers identification in untargeted metabolomics. However, the
identifications are based practically on matches with the spectral library, and
in case of having doubts about the candidate, excessive fragmentation, and
even the absence of the molecular ion, make definitive identification difficult.
Furthermore, in this case, since quadrupole mass analyser with nominal mass
was employed, the interpretation of certain spectra was difficult.

Conversely, for the analysis of low-volatile putative pheromones, LC is
coupled to latest generation of HRMS instrumentation with IMS. In these
instruments the peak capacity and dynamic range have been increased, as
well as the improvement of the performance over classical MSF acquisition
method and the access to additional structural information about the
detected metabolites through the CCS value, as it has been extensively

explained in different parts of this thesis.
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Despite the fact that IMS represents a great additional help in the
identification of compounds, the process of compound elucidation continues
to be the main handicap in untargeted metabolomics studies, as it has been
shown in Scientific article VI with the uncompleted identification of
marker 6. However, we are confident that this bottleneck could be widened
in the future by increasing the experimental CCS and spectral databases,
robust prediction models and the continuous improvement of analytical

instruments.

All in all, in this chapter complementary analytical techniques have
been employed to cover a large number of compounds that may have a role
in chemical communication between mouse pup and dams. The result was
the identification of 11 volatile compounds and 5 tentative identifications of
less-volatile markers, most of them exalted in the younger mouse pups. The
next step is in charge of the research group of Laboratory of Functional
Neuroanatomy from Universitat Jaume I, whose collaboration has been key
for the development of the present works. Further behavioural studies will be
performed to clarify the role of putative pheromonones/chemosignals in
chemical communication related to maternal behaviour induction of above-

mentioned markers.
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6.1 Conclusions

During the present doctoral thesis, untargeted metabolomic approach
has been applied and evaluated with different advanced analytical techniques
into various fields of knowledge. On the one hand, three studies focused on
different areas related to food area were carried out, ranging from food
processing, food intake to the effects of nutrition on health. On the other
hand, two different analytical methodologies were employed along with
untargeted metabolomics for the discovery of compounds related to intra-
species communication, a field of study little addressed with this approach
until now. The general conclusion of this thesis is that untargeted
metabolomics together with the coupling of different chromatographic
separation techniques with mass spectrometry analysers are powerful tools
for the detection and identification of (bio) markers associated with issues in
different fields of study.

The specific conclusions of the different studies carried out are
detailed below:

¢ The technological advances in both chromatography and mass
spectrometry instrumentation have been crucial for the impulse
of untargeted metabolomics in many research fields in the last
years.

o The efficient separation combined with the acquisition of
sensitive and high-quality structural compound information
from the hyphenation of modern chromatography and mass
spectrometry analysers facilitates the detection and
identification of metabolites in complex biological samples.

¢ The correct study design and appropriated sample treatments
are critical in the development of untargeted metabolomic
strategies.

¢ The increasing demand for more exhaustive control over food
processing, in terms of authenticity, quality and safety, can be
addressed by untargeted metabolomics.

¢ The analysis of the volatile composition of smoked fish samples
extracted by DHS-P&T and the subsequent analysis by GC-MS
allowed the development of a classification model to distinguish
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samples with “Cold Smoked” treatment from other banned
processes in the European Union.

The application of untargeted metabolomics using the novel
UHPLC-IMS-HRMS has revealed powerful for the identification
biomarkers related to the intake of food products and diets, in
particular to the discovery of short-term biomarkers of orange
intake.

The additional separation obtained with IMS provides an
additional structural descriptor and cleaner MS spectra highly
valuable for the identification process of unknown compounds in
untargeted metabolomics.

Untargeted metabolomics can help to understand the complex
relationships between nutritional exposure and health status, in
addition to the study of potentially beneficial food products or
supplementation.

The potential of UHPLC-IMS-HRMS analysis along with
untargeted metabolomics proved with the elucidation of
biomarkers related to the treatment with resveratrol and
pterostilbene to rat with liver steatosis. The putative benefits for
health of these supplementation has been demonstrated based
on the compounds tentatively elucidated.

The CCS experimental database and CCS prediction tools have
been created around the CCS value that have facilitated the
compound identification.

The untargeted metabolomic approach has proven its usefulness
in the determination of putative chemosignals/pheromones for
the chemical communication intra-species, specifically for the
materno-filial communication in mice.

The novel sampling procedure based on DHS-P&T for
volatolome extraction of whole, alive mouse pups and the
subsequent analysis by GC-MS allowed to identify putative
volatile pheromones involved in maternal behaviour.

The detection of low-volatile putative mouse pup chemosignals
was possible thanks to an UHPLC-IMS-HRMS based untargeted

metabolomic approximation.
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Last but not least, the importance of multidisciplinary collaboration
has been demonstrated throughout this thesis. The application of advanced
analytical methodologies to give answer to questions exposed by food
industries, experts in nutrition and neurobiologists has allowed to increase

the knowledge on these fields.
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Durante la presente tesis doctoral, se ha aplicado y evaluado la
aproximacion de la metabolémica no dirigida con distintas técnicas analiticas
avanzadas en diferentes campos del conocimiento. Por un lado, se llevaron a
cabo tres estudios enfocados a diferentes areas relacionadas con el campo de
la alimentaci6n, que van desde el procesamiento de alimentos, la ingesta de
alimentos y hasta los efectos de la nutriciéon en la salud. Por otro lado, se
emplearon dos metodologias analiticas diferentes junto con una
metabolomica no dirigida para el descubrimiento de compuestos
relacionados con la comunicacion intra-especie, un campo de estudio hasta
ahora poco abordado con esta metodologia. La conclusion general de esta
tesis es que la metabolomica no dirigida junto con el acoplamiento de
distintas técnicas de separacién cromatografica con analizadores de
espectrometria de masas son herramientas poderosas a la hora de detectar e
identificar (bio)marcadores asociados a problemaéticas de distintos ambitos

de estudio.

A continuacién, se detallan las conclusiones especificas

relacionadas con los trabajos realizados:

o Los avances tecnologicos en los dultimos afios en la
instrumentacion de cromatografia y espectrometria de masas
han sido cruciales para el impulso de la metabolémica no dirigida
en muchos campos de investigacion.

¢ La separacion eficiente combinada con la adquisicion de
informacion estructural de alta calidad a partir del acoplamiento
de técnicas cromatograficas modernas con potentes analizadores
de espectrometria de masas, facilita la deteccién e identificaciéon
de metabolitos en muestras biolégicas complejas.

o El correcto disefio del estudio y la selecciéon de los tratamientos
de muestra apropiados son fundamentales para el desarrollo de
estrategias metabolémicas no dirigidas.

¢ La creciente demanda de un control mas exhaustivo del
procesamiento de alimentos, en términos de autenticidad,
calidad y seguridad, puede abordarse mediante la metabolémica

no dirigida.
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El anilisis de los compuestos volatiles de muestras de pescado
ahumado extraidas por DHS-P & T y el posterior analisis por GC-
MS permiti6 desarrollar un modelo de clasificacion para
distinguir muestras con tratamiento “Cold smoke” de otros
procesos alimentarios prohibidos en la Unién Europea.

La aplicacion de metabolémica no dirigida utilizando la
novedosa técnica UHPLC-IMS-HRMS ha demostrado su gran
potencial en la identificacion de biomarcadores relacionados con
la ingesta de productos alimenticios y dietas especificas, en
particular con el descubrimiento de biomarcadores a corto plazo
de ingesta de naranja.

La metabolémica no dirigida puede ayudar a comprender las
complejas relaciones entre la exposiciéon nutricional y el estado
de salud, ademés del estudio de los productos alimenticios o
suplementos potencialmente beneficiosos.

El potencial del anélisis UHPLC-IMS-HRMS junto con la
metabolomica no dirigida también se ha confirmado con la
elucidacion de biomarcadores relacionados con el tratamiento
con resveratrol y pterostilbeno en ratas con esteatosis hepatica.
Los compuestos elucidados tentativamente han demostrado el
posible beneficio para la salud que tendria esta suplementacion.
Las herramientas creadas en torno al valor de CCS como bases
de datos experimentales CCS y herramientas de predicciéon han
facilitado la etapa de identificacibn de compuestos
(bio)marcadores.

El enfoque de la metabolomica no dirigida ha demostrado su
utilidad en la determinacién de sefiales quimicas/feromonas
putativas en la comunicacién quimica intra-especie,
especificamente para la comunicacion maternofilial en ratones.

El novedoso procedimiento de muestreo basado en DHS-P&T
para la captacion del volatoloma de crias de ratén vivas y el
anélisis posterior por GC-MS permiti6é identificar potenciales
feromonas volatiles involucradas en el comportamiento

materno.
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¢ Ladeteccidn de putativas sefiales quimicas de baja volatilidad en
crias de raton fue posible gracias a una aproximacion
metabolémica no dirigida basada en UHPLC-IMS-HRMS.

Por tltimo, pero no menos importante, a lo largo de esta tesis se ha
dejado patente la importancia de la colaboracién multidisciplinar. La
aplicacion de metodologias analiticas avanzadas para dar respuesta a
problematicas expuestas por industrias alimentarias, expertos en nutriciéon y

neurobio6logos han permitido incrementar el conocimiento en estos campos.
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6.1 Conclusion

Au cours de cette thése doctorale, I'approche de la métabolomique
non ciblée a été appliquée et évaluée avec différentes techniques analytiques
avancées dans différents domaines de la connaissance. D'une part, trois
études portant sur différents domaines liés a I'alimentation ont été menées,
qui comprend le traitement des aliments, la consommation alimentaire et
méme les effets de la nutrition sur la santé. D'autre part, deux méthodologies
analytiques différentes ont été utilisées avec une métabolomique non ciblée
pour la découverte de composés liés a la communication intra-espece, un
domaine d'étude jusqu'a présent peu abordé avec cette méthodologie. La
conclusion générale de cette these est que la métabolomique non ciblée
ainsi que le couplage de différentes techniques de séparation
chromatographique avec des analyseurs de spectrométrie de masse sont des
outils puissants lorsqu'il s'agit de détecter et d'identifier des (bio)marqueurs

pour répondre aux questions posées par différents domaines d'étude.

Les conclusions spécifiques liées aux travaux réalisés sont

détaillées ci-dessous :

o Les progres technologiques de ces derniéres années dans les
instruments de chromatographie et de spectrométrie de masse
ont été cruciales pour l'avancement de la métabolomique non
ciblée dans de nombreux domaines de recherche.

¢ Une séparation efficace combinée a l'acquisition d'informations
structurelles de haute qualité grace au couplage de techniques
chromatographiques modernes avec de puissants analyseurs de
spectrométrie de masse facilite la détection et l'identification des
métabolites dans des échantillons biologiques complexes.

¢ La conception correcte de 1'étude et la sélection de traitements
d'échantillons  appropriés sont essentielles pour le
développement de stratégies métabolomiques non ciblée.

¢ Lademande croissante d'un contréle plus complet du traitement
des aliments, en termes d'authenticité, de qualité et de sécurité,
peut étre satisfaite par la métabolomique non ciblée.

¢ L'analyse des composés volatils des échantillons de poisson fumé
extraits par DHS-P&T et 1'analyse ultérieure par GC-MS ont
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permis de développer un modele de classification pour distinguer
les échantillons avec traitement “Cold smoke” des autres
procédés interdits dans 1'Union Européenne.

L'application de la métabolomique non ciblée utilisant la
nouvelle technique UHPLC-IMS-HRMS a démontré son grand
potentiel dans l'identification de biomarqueurs liés a la prise de
produits alimentaires et de régimes alimentaires spécifiques, en
particulier avec la découverte de biomarqueurs a court terme de
la consommation d'oranges.

La métabolomique non ciblée peut aider a comprendre les
relations complexes entre 1'exposition nutritionnelle et 1'état de
santé, en plus de 1'étude de produits alimentaires ou de
suppléments potentiellement bénéfiques pour la santé.

Le potentiel de I'analyse UHPLC-IMS-HRMS en conjonction
avec la métabolomique non ciblée a également été confirmé avec
I'élucidation de biomarqueurs liés au traitement au resvératrol et
au ptérostilbéne chez les rats atteints de stéatose hépatique. Les
composés provisoirement élucidés ont démontré le bénéfice
potentiel de cette supplémentation pour la santé.

Les outils construits autour de la valeur du CCC tels que les bases
de données expérimentales du CCS et les outils de prédiction ont
facilité 1'étape d'identification des composés (bio)marqueurs.
L'approche métabolomique non ciblée s'est avérée utile pour
déterminer les putatifs signaux chimiques/phéromones dans la
communication chimique intra-espéce, en particulier pour la
communication meére-enfant chez la souris.

La nouvelle procédure d'échantillonnage basée sur le DHS-P&T
pour la capture de volatolome a partir de souriceaux vivants et
I'analyse ultérieure par GC-MS ont permis l'identification de
potentielles phéromones volatiles impliquées dans le
comportement maternel.

La détection des potentielles signaux chimiques de volatilité
faible chez les souriceaux a été rendue possible par une approche
métabolomique non ciblée basée sur UHPLC-IMS-HRMS.
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6.1 Conclusion

Enfin et surtout, tout au long de cette these, l'importance de la
collaboration multidisciplinaire a été mise en évidence. L'application de
méthodologies analytiques avancées pour répondre aux problémes exposés
par les industries alimentaires, les experts en nutrition et les neurobiologistes

ont permis d'accroitre les connaissances dans ces domaines.
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Future works and prospects

All the work developed in this thesis has been the precedent for the

future studies detailed below:

<o

Validation of the developed -classification model for the
differentiation of smoked fish products with fishery products
from other companies.

Development, validation and application of an analytical
targeted method based on GC-EI-Orbitrap for the quantitation
and confirmation of the 11 volatile compounds used in the model
for the classification of smoked fish. Moreover, additional
phenolic compounds and derivatives present in smoked food
products will be determined. Different types of on-line volatiles
extraction approaches will be evaluated.

Design of a study for the determination of medium/long-term
biomarkers of orange intake based on a cross-over trial with a
wider range of participants and lifestyle.

An untargeted lipidomics approach has been carried out to liver
samples coming from rats with induced liver steatosis to explore
the differences obtained by pterostilbene and resveratrol
supplementation in the lipid fingerprint. Statistical data is
currently being analysed

Apply the untargeted metabolomic analysis to plasma samples
collected from the same rats, in order to have a global overview
of the circulating metabolites throughout the body and the
difference by pterostilbene and resveratrol supplementation.
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Trabajos futuros y perspectivas

Todo el trabajo desarrollado en esta tesis ha sido el precedente para

los futuros estudios detallados a continuacién:

<o

Validacién del modelo de clasificacion desarrollado para la
diferenciacion de productos pesqueros ahumados con productos
de otras empresas.

Desarrollo, validacién y aplicacion de un método analitico
dirigido basado GC-EI-Orbitrap para la cuantificacion y
confirmacion de los 11 compuestos volatiles del modelo para la
clasificacion de pescado ahumado. Ademéas, también se
determinaran otros compuestos fendlicos y derivados presentes
en productos alimenticios ahumados. Se evaluaran diferentes
sistemas de extraccion en linea de compuestos volatiles.

Disefiar un estudio para la determinacién de biomarcadores de
ingesta de naranja a medio/largo plazo basado en un ensayo
cruzado (cross-over) con una mas amplia gama de participantes
y distintos estilos de vida.

Se ha llevado a cabo un estudio de lipidémica no dirigida con las
muestras de higado procedentes de ratas con esteatosis hepatica
inducida para explorar las diferencias obtenidas por la
suplementacion con pterostilbeno y resveratrol en la huella
lipidica. Actualmente se estan analizando los datos estadisticos.

Aplicar el analisis metabolomico no dirigido en muestras de
plasma recolectadas de las mismas ratas, con el fin de tener una
vision global de los metabolitos circulantes en todo el cuerpo y la
diferencias que supone la suplementacion con pterostilbeno y

resveratrol.
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Travail future et perspectives

Tous les travaux développés dans cette theése ont été le précédent pour

les futures études détaillées ci-dessous :

<o

Validation du modele de classification développé pour
différencier les produits de poisson fumé des produits d'autres
entreprises.

Développement, validation et application d'une méthode
analytique dirigée basée sur GC-EI-Orbitrap pour Ila
quantification et la confirmation des 11 composés volatils du
modele de classification des poissons fumés. De plus, d'autres
composés phénoliques et dérivés présents dans les produits
alimentaires fumés seront également déterminés. Différents
systemes d'extraction en ligne de composés volatils seront
évalués.

Concevoir une étude pour la détermination de biomarqueurs de
la consommation d'oranges a moyen/long terme, basée sur un
essai croisé avec un plus large éventail de participants et des
modes de vie différents.

Une étude lipidomique non ciblée a été menée sur des
échantillons de foie de rats atteints de stéatose hépatique induite
pour explorer les différences obtenues par la supplémentation en
ptérostilbéne et resvératrol dans l'empreinte lipidique. Les
données statistiques sont en cours d'analyse.

Appliquer une analyse métabolomique non ciblée sur des
échantillons de plasma prélevés sur les mémes rats, afin d'avoir
une vision globale des métabolites circulant dans 1'organisme et
des différences qu'apporte la supplémentation en ptérostilbéne

et resvératrol.

331






Annex 1.

Co-author agreement




Annex I. Co-author agreement

d ' UNIVERSITAT
= B JAUMEI

Escola de Doctorat - ED

Tania Portoles Nicolau, como coautor! coautora doy mi autorizacién a Maria Leticia Lacalle
Bergeron para la presentacion de las siguientes publicaciones como parte de su tesis doctoral.

Relacién de publicaciones:

+ Chromatography hyphenated to high resolution mass spectromefry in untargeted
metabolomics for investigation of food (bio)markers.
Maria Leticia Lacalle Bergeron; David Izquierdo Sandoval; Juan Vicente Sancho Llopis;
Francisco Lopez Benet; Félix Hemandez Hemandez; Tania Portolés Nicolau.
TRENDS IN ANALYTICAL CHEMISTRY. 135,pp. 116161. 2021. DOI
10.10166.trac.2020. 116161

+ (Gas chromatography-mass spectrometry based untargeted volatolomics for smoked
seafoed classification. . i
Maria Leticia Lacalle Bergeron; Tania Portolés Nicolau; Carlos Sales Martinez; M.
Carmen Corell; Fermando Dominguez; Joaquim Beltrdn Arandes; Juan Vicente Sancho
Liopis; Félix Hemandez Hemandez.
FOOD RESEARCH INTERNATIONAL. 137,pp. 1096938. 2020. DOI
10.10164f foodres 2020 109698

s Ultra-Performance Liquid Chromatography-lon Mobility Separation-CQuadruple Time-of-
Flight MS (UHPLC-IMS-QTOF MS) Metabolomics for Shori-Term Biomarker Discovery
of Orange Intake: A Randomized, Controlled Crossover Study.

Maria Leticia Lacalle Bergeron; Tania Portolés Nicolau; Francisco Lopez Benet; Juan
Wicente Sancho Llopis; Carolina Ortega Azorin; Eva M. Asensio; Oscar Coltell Simén;
Dolores Corella.

NUTRIENTS. 12,pp. 1-21. 2020. DOI 10.3390/nu12071916 ISSN 2072-6643

+ The potential of ion mobility separation in combination with high resolution mass
spectrometry for the identification of biomarkers highlighted by untargeted
metabolomics: the effects of pterostilbene and resveratrol in liver steatosis, animal
model.

Maria Leticia Lacalle Bergeron; David Izguierdo Sandoval, Alfredo Femandez Quintela,
Maria Puy Portillo, Juan Vicente Sancho Llopis, Félix Hemandez Hemandez, Tania
Portolés Nicolau.

Food Chemistry (2021) Submitted

« Movel sampling strategy for alive animal volatolome extraction combined with GC-MS
hased untargeted metabolomics: |dentifying mouse pup pheromones.
Maria Leticia Lacalle Bergeron; Rafael Goterris Cerisuglo, Tania Portolés Nicolau, D
Joaquim Beltran Arandes, Juan Vicente Sancho Llopis; Cinta Navarro Moreno,
Fernando Marinez Garcia.
Talanta 235 (2021) 122786 Contents. DOI 10.1016/j.falanta.2021.122786 ISSN
00399140

» Untargeted metabolomics approach to putative pup pheromones in mice. Part 2: using
UHPLC-IMS-QTOF MS of surface body samples to identify low-volatility chemosignals.
Maria Leticia Lacalle Bergeron; Rafael Goterris Cerisuelo, Joaguim Beliran Arandes,
Juan \-_’icente Sancho Llopis, Cinta Navarmmo Moreno, Femando Marinez Garcia, Tania
Portolés Nicolau.

334



Annex I. Co-author agreement

d 'UNIVERSITAT
= B JAUME I

Escola de Doctorat - ED

Talanta (2021) Submitted

Asimismo, renuncio a poder utilizar estas publicaciones como parte de otra tesis doctoral.

Y para que conste firmo el presente documento,

TANIA|  ienieper

PORTOLES J2apomioLss

INICOLAU i
Lugar, fecha y firma

Todo ello, atendiendo al articulo 28 del Reglamento de los estudios de doctorado de la Unrversitat Jaume I de
Castello, regulados por el BD 99/2011, en la Universitat Jaume I {(Aprobado en la sesion n® 82020 del Consejo de
Gobierno de 02 /10/2020):
-

4. En el caso de publicaciones comjumias, todas las p & deberdan ifestar explici te su
auforizacion para gue la doctoranda e docterando presente el frabgjo como parte de su tesis y la remumcia expreza
a presentar este misme trabaje come pavte de otva tesiz dectoval. Esta autorizacion se adjuntara como
documentacion en el momente del inicio de evaluacion de I tesis.

335



Annex I. Co-author agreement

u UNIVERSITAT
= B JAUME |

Escola de Doctorat - ED

JUAN VICENTE SANCHO LLOPIS, como coautor/ coautora doy mi autorizacion a Maria
Leticia Lacalle Bergeron para la presentacidn de las siguientes publicaciones como parte de su
tesis doctoral.

Relacion de publicaciones:

= Chromatography hyphenated to high resolution mass spectrometry in untargeted
metabolomics for investigation of food (bio)markers.
Maria Leticia Lacalle Bergeron; David lzquierdo Sandoval; Juan Vicente Sancho Liopis;
Francisco Lopez Benet; Félix Hernandez Hermandez; Tania Portolés Nicolau.
TRENDS IN ANALYTICAL CHEMISTRY. 135,pp. 116161. 2021. DOI
10.1016/j.trac.2020.116161

= Gas chromatography-mass spectrometry based untargeted volatolomics for smoked
seafood classification.
Maria Leticia Lacalle Bergeron; Tania Portolés Nicolau; Carlos Sales Martinez; M.
Carmen Corell; Fernando Dominguez; Joaguim Beltran Arandes; Juan Vicente Sancho
Llopis; Félix Hemandez Hernandez.
FOOD RESEARCH INTERNATIOMAL. 137,pp. 109698. 2020. DOI
10.1016/j.foodres.2020. 109698

* Ultra-Performance Liguid Chromatography-lon Mobility Separation-Quadruple Time-of-
Flight MS (UHPLC-IMS-QTOF MS) Metabolomics for Short-Term Biomarker Discovery
of Orange Intake: A Randomized, Controlled Crossover Study.

Maria Leticia Lacalle Bergeron; Tania Portolés Nicolau; Francisco Lépez Benet; Juan
Vicente Sancho Llopis; Carolina Ortega Azorin; Eva M. Asensio; Oscar Coltell Siman;
Dolores Corella.

NUTRIENTS. 12,pp. 1 - 21. 2020. DOI 10.3390/nu12071916 ISSN 2072-6643

* The potential of ion mobility separation in combination with high resolution mass
spectrometry for the identification of biomarkers highlighted by untargeted
metabolomics: the effects of pterostilbene and resveratrol in liver steatosis, animal
model.

Maria Leticia Lacalle Bergeron; David Izquierdo Sandoval, Alfredo Ferandez Quintela,
Maria Puy Portillo, Juan Vicente Sancho Llopis, Félix Hermandez Hernandez, Tania
Portolés Nicolau.

Food Chemistry (2021) Submitted

= MNovel sampling strategy for alive animal volatolome extraction combined with GC-MS
based untargeted metabolomics: ldentifying mouse pup pheromones.
Maria Leticia Lacalle Bergeron; Rafael Goterris Cerisuelo, Tania Portolés Nicolau, D;
Joaquim Beltran Arandes, Juan Vicente Sancho Llopis; Cinta Navarro Moreno,
Fernando Marinez Garcia.
Talanta 235 (2021) 122786 Contents. DOI 10.1016/) talanta.2021.122786 1SSN
00399140

= Untargeted metabolomics approach to putative pup pheromones in mice. Part 2: using
UHPLC-IMS-QTOF MS of surface body samples to identify low-volatility chemosignals.
Maria Leticia Lacalle Bergeron; Rafael Goterris Cerisuelo, Joaquim Beltran Arandes,
Juan Vicente Sancho Llopis, Cinta Navarmo Moreno, Fernando Marinez Garcia, Tania
Portolés Nicolau.
Talanta (2021) Submitted

336



Annex I. Co-author agreement

u UNIVERSITAT
= B JAUME |

Escola de Doctorat - ED

Asimismo, renuncio a poder utilizar estas publicaciones como parte de otra tesis doctoral.

¥ para que conste firmo el presente documento,

JUAN VICENTE| St

SANCHO| SANCHO|LLOPIS
LLOPIS . e

Castellg, 5 de Diciembre de 2021

Lugar, fecha y firna

Todo ello, atendiendo al articuloe 28 del Reglamento de los estudios de dectorado de la Unmversitat Jaume I de
Castelld, regulados por el D $9/2011, en la Universitat Jaume I {Aprobado en la sesidn 0 $/2020 del Consejo de
Gobierno de 02 /10/2020):

i
4. En &l caze de publi juntasz, fedas las p coautoras deberan manifestar explicitaments su
autorizacion para que la docrwmjda o drxmn:mdo presente ] trabajo como parte de su tesis y la remmcia expresa
a presemiar este misme frabgie como pmte de oma itesis decroral Esta autorizaciom se adiumtard como
documentacion en el momento del inicio de evaluacion de la tesis.

337



Annex I. Co-author agreement

d ' UNIVEF!SITAT

JAUME |

Escola de Doctorat - ED

Joaquim Beltran Arandes.., como coautor! coautora doy mi autorizacion a Maria Leticia Lacalle
Bergeron para |a presentacion de las siguientes publicaciones como parte de su tesis doctoral.

Relacion de publicaciones:

Gas chromatography-mass spectrometry based untargeted volatolomics for smoked
seafood classification.

Maria Leticia Lacalle Bergeron; Tania Portolés Nicolau; Carlos Sales Martinez; M.
Carmen Corell; Femando Dominguez; Joaquim Beltran Arandes; Juan Vicente Sancho
Llopis; Félix Hemandez Hemandez.

FOOD RESEARCH INTERNATIOMAL. 137 pp. 108698, 2020. DOI

10.1016) foodres.2020.109698

Movel sampling sirategy for alive animal volatolome exfraction combined with GC-MS
bast_ad untargeted metabolomics: Identifying mouse pup pheromones. i

Maria Leticia Lacalle Bergeron; Rafael Goterris Cerisuelo, Tania Portolés Nicolau, D;
Joagquim Beltran Arandes, Juan Vicente Sancho Llopis; Cinta Navarro Moreno,
Fernando Marinez Garcia.

Talanta 235 (2021) 122786 Contents. DOl 10.1016/ talanta 2021122786 ISSN
00395140

Untargeted metabolomics approach to putative pup pheromones in mice. Part 2: using
UHPLC-IMS-QTOF MS of surface hody samples to identify low-volafility chemosignals.
Maria Leticia Lacalle Bergeron; Rafael Goterris Cerisuelo, Joagquim Beliran Arandes,
Juan \_"icente Sancho Llopis, Cinta Navarro Moreno, Fermando Marinez Garcia, Tania
Portolés Nicolau.

Talanta (2021) Submitted

Asimismo, renuncio a poder utilizar estas publicaciones como parte de ofra tesis doctoral.

Y para que conste firmo el presente documento,

Firmado digitalmente por

JOAQ Ul NlB E LTRAN' JOAQUIN|BELTRAN|ARANDES
ARANDES Fecha: 2021.12.09 08:25:36

+01'00

Lugar, fecha y firma

Todo ello, atendiende al aticule 28 del Reglamento de los estudios de doctorado de la Universitat Jaume I de
Castells, regulados por el RD 992011, en la Universitat Jaume I {Aprobado en Iz sesion n° 82020 del Consejo de
Gobierno de 02 /1OV2020):

)

4. En el caze de publicaciones comjumiaz, todas las persomas coautoras deberan manjfestar explicitaments su
auterizacion para gue la doctevanda o doctorande presente &l rabaje come parte de su tesis ¥ la remmcia expresa
a presemtar este misme frabgjo come parie de ofra tesis doctoral Esta auforizacion se adjumtara como
documeniacion s el momento del inicio de evaluacion de la tesis.

338



Annex I. Co-author agreement

d ' UNIVERSITAT
= B JAUMEI

Escola de Doctorat - ED

Félix Hemandez Hemandez, como coautor doy mi autorizacion a Maria Leticia Lacalle
Bergeron para la presentacion de las siguientes publicaciones como parte de su tesis doctoral.

Relacién de publicaciones:

+ Chromatography hyphenated to high resolution mass spectrometry in untargeted
metabolomics for investigation of food (bio)markers.
Maria Leticia Lacalle Bergeron; David Izquierdo Sandoval; Juan Vicente Sancho Llopis;
Francisco Lopez Benet, Félix Hemandez Hemandez; Tania Portolés Nicolau.
TRENDS IN  ANALYTICAL CHEMISTRY. 135pp. 116161. 2021. DOl
10.10164 trac 2020116161

+ (Gas chromatography-mass specirometry based uniargeted volatolomics for smoked
seafood classification.
Maria Leticia Lacalle Bergeron; Tania Portolés Micolau; Carlos Sales Martinez; M.
Carmen Corell; Fernando Dominguez; Joaquim Beltran Arandes; Juan Vicente Sancho
Llopis; Felix Herandez Hemandez.
FOOD RESEARCH INTERNATIONAL. 137 pp. 108698 2020. DOl
10.1016/) foodres_2020.109698

» The potential of ion mobility separation in combination with high resolution mass
specirometry for the identification of biomarkers highlighted by untargeted
metabolomics: the effects of pterostilbene and resveratrol in liver steatosis, animal
model.

Maria Leticia Lacalle Bergeron; David Izquierdo Sandoval, Alfredo Femdndez Quintela,
Maria Puy Portillo, Juan Vicente Sancho Llopis, Félix Hemandez Hemandez, Tania
Portolés Nicolau.

Food Chemistry (2021) Submitted

Asimismao, renuncio a utilizar estas publicaciones como parte de ofra tesis doctoral.

Y para que conste firmo el presente documento,

FELIX JAVI ER| Firmade digitaimente por

FELIX JAVIER]

HERNAN DEZ| HERNANDEZ|HERNANDEZ

Fecha: 2021.12.04

HERNANDEZ 1839430100

Lugar, fecha y firma

Tode ello, atendiendo al articulo 28 del Reglamento de los estudios de doctorado de la Umrvermitat Jaume I de
Castells, regulados por el RD 9972011, en la Universitat Jaume I (Aprobado en la sesion n° 82020 del Consejo de
Gobierno de 02 /10/2020):
-

4. Em el caso de publicacione: comfumtas, todas las personas debera ifs plici su
auferizacion para que la doctoranda o doctorande presents el trabgjo come parts de su tesis y la reumcia expresa
a presemtar este mismo mrabgie como parte de otva tesis docteral. Esta aurorizacion se adiumtara como
documentacion en el momento del imicio de evaluacion de la tesis.

339



Annex I. Co-author agreement

LN o™

Escola de Doctorat - ED

Francisco Lopez Benet.., como coautor/ coautora doy mi autorizacion a Maria Leticia Lacalle
Bergeron para la presentacion de las siguientes publicaciones como parte de su tesis doctoral.

Relacion de publicaciones:

Ultra-Performance Liquid Chromatography-lon Mobility Separation-Quadruple Time-of-
Flight MS (UHPLC-IMS-QTOF MS) Metabolomics for Shori-Term Biomarker Discovery
of Orange Infake: A Randomized, Controlled Crossover Study.

Maria Leticia Lacalle Bergeron; Tania Portolés Nicolau; Francisco Lopez Benet; Juan
Vicente Sancho Llopis; Carolina Ortega Azorin; Eva M. Asensio; Oscar Coltell Simén;
Dolores Corella.

NUTRIENTS. 12,pp. 1 - 21. 2020. DOI 10.3380/nu12071916 ISSN 2072-6643

Chromatography hyphenated to high resolution mass spectrometry in untargeted
metabolomics for investigation of food (bio)markers.

Maria Leticia Lacalle Bergeron; David Izquierdo Sandoval; Juan Vicente Sancho Llopis;
Francisco Lopez Benet, Félix Hemandez Hermandez; Tania Portolés Nicolau.

TRENDS IN  ANALYTICAL CHEMISTRY. 135pp. 116161. 2021. DOl
10.1016/ trac. 2020116161

Asimismo, renuncio a poder utilizar estas publicaciones como parte de ofra tesis doctoral.

Y para que conste firmo el presente documento,

FRANC' SCO Firmado digitalmente

por FRANCISCO JOSE|

JOSE|LOPEZ| vopezigenet

Fecha: 2021.12.04

Hugar fechay fima B E N ET 12:44:35 +01'00'

Todo elle, atendiendo al articulo 28 del Reslamento de los estudios de doctorado de la Unrversitat Jaume I de
Castelld, regulados por el BD 9972011, en la Universitat Jaume I (Aprobads en la sesion n® 82020 del Consejo de
Gobierno de 02 /10/2020):

340



Annex I. Co-author agreement

TRy

Escola de Doctorat - ED

debera '4‘ ﬂ:r' i I

(-
4. En &l caze de publicacienes comjumtas, tedas las persomas o
awtorizacion para que la doctoranda o doctorande prasenis el rabajo come parte de su w.m ¥ la remcia expreza
a presemtar este misme ftrabgje como pavte de ofva tesic doctoral. Esta autorizacion e adiumtara como

don en ol del inicio de evaluacion de la tesis.

341



Annex I. Co-author agreement

LI

Escola de Doctorat - ED

David lzquierdo Sandoval ..., como coautor/ coautora doy mi autorizacion a Maria Leticia
Lacalle Bergeron para la presentacion de las siguientes publicaciones como parte de su tesis
doctoral.

Relacion de publicaciones:

« Chromatography hyphenated to high resolution mass spectrometry in untargeted
metabolomics for investigation of food (bio)markers.
Maria Leticia Lacalle Bergeron; David Izquierdo Sandoval; Juan Vicente Sancho Llopis;
Francisco Lopez Benet; Félix Hemandez Hernandez; Tania Portolés Nicolau.
TRENDS IN AMALYTICAL CHEMISTRY. 135,pp. 116161. 2021. DOI
10.1016/ trac.2020. 116161

» The potential of ion mobility separation in combination with high resolution mass
spectrometry for the identification of biomarkers highlighted by untargeted
metabolomics: the effects of pterostilbene and resveratrol in liver steatosis, animal
model.

Maria Leticia Lacalle Bergeron; David Izquierdo Sandoval, Alfredo Femandez Quintela,
Maria Puy Portillo, Juan Vicente Sancho Liopis, Félix Hemandez Hemandez, Tania
Portolés Nicolau.

Food Chemistry (2021) Submitted

Asimismo, renuncio a poder utilizar estas publicaciones como parte de ofra tesis doctoral.

Y para que conste firmo el presente documento,

DAVl D| Firmado digitalmente

por DAVID|IZQUIERDO|

Lugar, fecha y firma IZQU | ERDO| SANDOVAL

Fecha: 2021.12.04

SANDOVAL 1252150100

Todo elle, atendiende al articulo 28 del Reglamento de los estudios de doctorado de la Unrversitat JTaume I de
Castella, regulados por &l BD 992011, en la Universitat Jaume I (Aprobado en la sz=iém n° §/2020 del Consejo de
Gobierne de 02 /10/2020):
e

4. En el caso de publicaciones cowjumtaz, todas las persenas coautoras deberan manjfestar explicitamente su
auterizacion para gue la doctoranda o decrorando presenie &l rabgjo come parte de su tesis y la renmcia expresa
a presentar este misme frabgic como parfe de ofra fesic doctoral. Esta autorizacion se adjumiora como
documentacion en &l momento del inicio de evaluacion de la tesis.

342



Annex I. Co-author agreement

u UNIVERSITAT
= B JAUMEI

Escola de Doctorat - ED

carl??".ﬁ?!ﬁ? Marilnez como coautor/ coautora doy mi autorizacion a Maria Leticia Lacalle
Bergeron para la presentacion de las siguientes publicaciones como parte de su tesis doctoral.

Relacién de publicaciones:

* Gas chromatography-mass spectrometry based untargeted volatolomics for smoked
seafood classification.
Maria Leticia Lacalle Bergeron; Tania Portolés Nicolau; Carlos Sales Martinez, M.
Carmen Corell, Fernando Dominguez, Joaguim Beltran Arandes, Juan Vicente Sancho
Llopis; Félix Hernandez Harnandez.
Food Research International 137 (2020) 109698. DOI 10.1016/.foodres.2020.109698
ISSN 0963-9969

Asimismo, renuncio a poder utilizar estas publicaciones como parte de otra tesis doctoral.

Y para que conste firmo el presente documento,

Lugar, fecha y firma

Castelldn, 02 de Diciernbre de 2021

Todo ello, atendiendo al articulo 28 del Reglamento de los estudios de doctorado de la Universitar Jaume 1 de
Castelld, regulados por el RD 992001, en la Universitat Jaame 1 (Aprobado en la sesidn n® 82020 del Consejo de
Gobierno de 02 /10/2020):
&y

4. En el caso de publicaciones confunras, fodas las personas coauworas delierdn manifestar expliciamente sy
autorizacidn para que o doctorande o doctorando presente el trabajo come parte de sw fesis v lo renuncia expresa
a presentar este mismo trabajo come parte de otra tesis dectoral, Esta awtorizaciin se adjiiard come
docnmentacian en el momente del inicio de eviluacidn de la tesis,

343



Annex I. Co-author agreement

L1 e

Escola de Doctorat - ED

M. Camen Corell como coautor! coautora doy mi autorizacion a Maria Leticia Lacalle
Bergeron para la presentacion de las siguientes publicaciones como parte de su tesis doctoral.

Relacion de publicaciones:

o Gas chromatography-mass spectrometry based untargeted volatolomics for smoked
seafood classification.
Maria Leticia Lacalle Bergeron; Tania Portolés Nicolau; Carlos Sales Martinez, M.
Carmen Corell, Fernando Dominguez, Joaquim Beltran Arandes, Juan Vicente Sancho
Llopis; Félix Hemandez Hemandez.
Food Research Intemational 137 (2020) 109698. DOI 10.1016/] foodres. 2020.109698
ISSN 0963-9969

Asimismo, renuncio a poder utilizar estas publicaciones como parte de otra tesis doctoral.

Y para que conste firmo el presente documento,

Lugar, fecha y firma
_Las Palmas de Gran Canaria, a 7 de diciembre de 2021

Todo ello, atendiendo al articulo 28 del Reglamento de los esmdios de doctorade de lza Universitat Jaume I de
Castells, reguladas por el ED 992011, en la Universitat Jaume I (Aprobado en la sesion n® 82020 del Consejo de
Gobiemo de 02 10/2020):

e
4. En &l caso de publicaciones conjuntas, todas las personas coautoras dsberan manifestar explicitamente su
autorizacion para que la doctoranda o doctorande presente el wabgjo como parte de su tesis ¥ la remmeia expresa

a presemtar este misme mabgjo come parte de ofra tesis decioral. Esta auiorizaciom se adjuntara como
documentacion en el momente dal inicio de evaluacion de la tesis.

344



Annex I. Co-author agreement

d ' UNIVERSITAT
= B JAUMEI

Escola de Doctorat - ED

Fernando Dominguez Trenco, COMO coautor/ coautora doy mi autorizacion a Maria Leticia
Lacalle Bergeron para la presentacion de las siguientes publicaciones como parte de su tesis
doctoral.

Relacion de publicaciones:

+ (3as chromatography-mass spectrometry based untargeted volatolomics for smoked
seafood classification.
Maria Leticia Lacalle Bergeron; Tania Portolés Nicolau; Carlos Sales Martinez, M.
Carmen Corell, Femando Dominguez, Joaquim Beliran Arandes, Juan Vicente Sancho
Llopis; Félix Hemandez Hemandez.
Food Research Intemnational 137 (2020) 109698. DOl 10.1016/ foodres.2020.109698
ISSN D963-9969

Asimismo, renuncio a poder utilizar estas publicaciones como parte de ofra tesis doctoral.

¥ para que conste fimo el presente documento,

FERNANDO] ivado e
DOMINGUE Sommcies o

-2021.1208

ZITRENCO  samas sorg

Lugar, fecha y firma

Todo ello, atendisndo al articulo 28 del Reglamento de los estudios de doctorade de la Universitat Jaume I de
Castello, regulados por &l RD 592011, en la Universitat JTaume I (Aprobado en la sesion n° 872020 del Consejo de
Gobierno de 02 /10/2020):
)

4. En el case de publicacionss conjunias, tfodas las personas coawforas dsberan manifestar explicitaments su
auterizacion para que la doctoranda o dectorando presente el mabgjo como parte de su resiz y la renuncia expresa
a presemtar este misme frabgio como parte de ofra issis dectoral Esta autorizaciom se adjuntara como
documentacion en &l momento del inicio de evaluacion de la tesis.

345



Annex I. Co-author agreement

u UNIVERSITAT
w B JAUMEI

Escola de Doctorat - ED

DolDreSCoreIIaF'lquer ................................................ , como coauter! coautora doy mi

autorizacién a Maria Leticia Lacalle Bergeron para la presentacion de las siguientes
publicaciones como parte de su tesis doctoral.

Relacion de publicaciones:

+ Ultra-Performance Liquid Chromatography-lon Mebility Separation-Quadruple Time-of-
Flight MS {UHPLC-IMS-QTOF MS) Metabolomics for Shori-Term Biomarker Discovery
of Orange Intake: A Randomized, Controlled Crossover Study.

Maria Leticia Lacalle Bergeron; Tania Portolés Nicolau; Francisco Lopez Benet; Juan
Vicente Sanche Llopis; Carclina Ortega Azorin; Eva M. Azensio; Oscar Coltell Simén;
Delores Corella.

NUTRIENTS. 12,pp. 1-21. 2020. DOI 10.3390/nu12071916 ISSN 2072-6643

Asimismo, renuncio a poder utilizar estas publicaciones como parte de ofra tesis doctoral.

% para gue conste firmo el presente documento,

CORELLA SEEEssess
PIQUER s

DOLORES - s ===

52790127K HEmrmar™"

Lugar, fecha y firma

Todeo ello, stendiendo al articule 28 del Reglamento de los estudies de doctorado de lz Universitat Taume I de
Castello, regulados por el BD 99,2011, en la Universitat Jaume I {Aprobado en la sesion 0° 52020 del Consejo de
Gobierno de 02 /102020):
(-t

4 En o caso de publicaciones comfuntas, todas las persona: coautoras deberdn manifestar explicitamente su
aquiterizacidn para que lo dectoranda o doctorando presente ol rabgjo come parte de su tesis ¥ Io renuncia expresa
a presemtar este mimmeo rabgie como parte de oma resis doctoral. Erta aurorizacidn e adiuntard como
decumentacidn en el momento del inicio de evaluacidn de la resis.

346



Annex I. Co-author agreement

u ' UNIVERSITAT

Escola de Dut!ural L ED

OscarCoIteIISlmon ..................................................... como ceoautor! coautora doy mi

autorizacion a Maria Leticia Lacalle Bergeron para la presentacion de las siguientes
publicaciones como parte de su tesis doctoral.

Relacion de publicaciones:

+  Ultra-Performance Liguid Chrematography-lon Mebility Separation-Quadruple Time-of-
Flight MS {UHPLC-IMS-QTOF M3) Metabolomics for Short-Term Biomarker Discovery
of Orange Intake: A Randomized, Controlled Crossover Study.

Maria Leticia Lacalle Bergeron; Tania Portolés Nicolau; Francisco Lopez Benet; Juan
Yicente Sancho Llopis; Carolinag Ortega Azorin; Eva M. Asensio; Oscar Coltell Simén;
Dolores Corella.

MUTRIENTS. 12,pp. 1-21. 2020. DOI 10.3390/nu12071916 1SS 2072-6643

Asimisme, renuncio a peder utilizar estas publicaciones como parte de ofra tesis doctoral.

' para que conste firmo el presente documento,

o
COLTELL SIMON i S
OSCAR - Sl s
—_—

18821284N ticackie: Dasartarmas: da

Lugar, fecha y firma

Todo elle, atendiendo al articule 28 del Reglamento de los estudies de docterade de lz Universitat Jaume I de
Castalld, regulzdos por el BD 992011, en la Universitat Tanms I {Aprobado en la sesidn n® 82020 del Consajo da
Gobierno de 02 10/2020):
)

4. En @l cazo de publicaciones comjumtas, todas las persenas coautoras debardn manifestar explicitamente su
autorizacidn para que la doctoranda o doctorando prezente ¢l rabajo como parte de su tesiz y la renuncia expresa
a prezemfar oste mirmo trabgje como parte de ofra resiz doctoral. Esta auterizacidn e adjumtard como
documentacidn en @ momento del infcio de evaluacidn de la resis.

347



Annex I. Co-author agreement

L iy

Escola de Doctorat - ED

Carolina Ortega Azorin
.., COmo coautor/ coautora doy mi

amonzacmn a Mana LetN:la La{'.alle Bergeroh para la presentacion de las siguientes
publicaciones como parte de su tesis doctoral.

Relacion de publicaciones:

« Ultra-Performance Liquid Chromatography-lon Mobility Separation-Cuadruple Time-of-
Flight M5 (UHPLC-IMS-QTOF MS) Metabolomics for Short-Term Biomarker Discovery
of Orange Intake: A Randomized, Confrolled Crossover Study.

Maria Leticia Lacalle Bergeron; Tania Portolés Nicolau; Francisco Lopez Benet; Juan
Vicente Sancho Llopis; Carolina Ortega Azorin; Eva M. Asensio; Oscar Coltell Simon;
Dolores Caorella.

NUTRIENTS. 12 pp. 1-21. 2020. DOI 10.3390/nu12071916 ISSN 2072-6643

Asimismo, renuncio a poder utilizar estas publicaciones como parte de ofra tesis doctoral.

Y para que conste firmo &l presente documento,

CAROLINA|  Fmce dtaimerte

ORTEGA| ORTEGA|AZORIN
Fecha: 2021.07.23

AZORIN 14:47:09 +02'00°

Lugar, fecha y firma
Valencia, 23 de Julio de 2021

Tede ello, atendiendo al articulo 28 del Reglamento de los estudios de dectorade de la Unrversitat Jaume I de
Castelld, regulados por el RD 392011, en la Universitat JTaume I (Aprobado en Iz sesion n” 82020 del Consejo de
Gobierne de 02 /1OV2020):
]

4 En &l caze de publicacionss conjumtas, tedas las personas coawtoras deberdan manifestar explicitaments su
auterizacion para que la doctoranda o doctorando presente el trabgjo como parte de su ﬁe.sr: ¥ la remumcia sxpresa
a presemtar este misme mabgic come parts de ofra tesiz d . Esta i 56 ady d como
documentacion en el momente del inicio de evaluacion de o tesiz.

348



Annex I. Co-author agreement

L

Escola de Doctorat - ED

Eva Maria Asensio M:‘irquez
ey COMO  coautor/ coautora doy mi
aumnzacmn a Mana Letu:la Lacalle Bergeron para la presentacidon de las siguientes
publicaciones como parte de su tesis doctoral.

Relacion de publicaciones:

+ Ultra-Performance Liquid Chromatography-lon Mobility Separation-Quadruple Time-of-
Flight MS (UHPLC-IMS-QTOF MS) Metabolomics for Shori-Term Biomarker Discovery
of Orange Intake: A Randomized, Controlled Crossover Study.

Maria Leticia Lacalle Bergeron; Tania Portolés Nicolau; Francisco Lopez Benet; Juan
Vicente Sancho Liopis; Carolina Ortega Azorin; Eva M. Asensio; Oscar Coltell Simon;
Dolores Caorella.

NUTRIENTS. 12 pp. 1 - 21.2020. DOI 10.3380/nu12071816 ISSN 2072-6643

Asimismo, renuncio a poder utilizar estas publicaciones como parte de ofra tesis doctoral.

Y para que conste firmo el presente documento,

Firmado

EVA MARIA| digaimerte por
ASENSIO|  iesipassousz
MARQUEZ (s
Lugar, fecha y firma
Valencia, 20 de julio de 2021

Todo elle, atendiendo al articule 28 del Keglamento de los estudios de doctorado de la Unrversitat JTaume I de
Castelld, regulados por el FD 99/2011, en 1z Universitat Jaume I {Aprobade en Iz sesién n° 82020 del Consejo de
Gobierno de 02 /10/2020):
()

4. En el caso de publicaciones conjumtas, tedas las personas coautoras deberdan manifestar explicitaments su
autorizacian para que la dectoranda ¢ docterands presemte el trabaja come parte de su tesiz v la remumcia expresa
a presentar este mismo mrabgjo come parte de otra tesiz docroral. Esta auwtorizaciom se adjuntara como
documentacion en el momemte del inicio de evaluacion de [o resis.

349



Annex I. Co-author agreement

u UNIVERSITAT
= B JAUMEI

Escola de Doctorat - ED

Maria Puy Portillo Baquedano, como coautora doy mi autorizacion a Maria Leticia Lacalle
Bergeron para la presentacion de las siguientes publicaciones como parte de su tesis doctoral.

Relacion de publicaciones:

s The potential of ion mobility separation in combination with high reselution mass
spectrometry for the identification of biomarkers highlighted by untargeted
m;ezlal:l-olomics: the effects of pterostilbene and resveratrol in liver steatosis, animal

el
Maria Leticia Lacalle Bergeron; David lzquierdo Sandoval, Alfredo Fernandez Quintela,
Maria Puy Portillo, Juan Vicente Sancho Llopis, Félix Hemandez Hernandez, Tania
Portolés Nicolau.
Food Chemistry (2021) Submitted

Asimismo, renuncio a poder utilizar estas publicaciones como parte de otra tesis doctoral.

Y para que conste firmo el presente documento,

Vitoria-Gasteiz, 4 de Diciembre de 2021

Tedo elle, atendiendo al articule 28 del Reglamento de los estudios de dectorade de la Umiversitat Jaume I de
Castelld, regulados por el RI 99/2011, en la Universitat Jaume I (Aprobado en la sesidn o” 82020 del Conssjo de
Gobiemo de 02 /10/2020):

(-

4. En &l caso de publicaciones cowjuntas, todas laz personas coautoras deberan mamifestar explicitamente su
autorizacion para que la doctoranda o doctorande prezente sl trabaje como parte de tu tesiz ¥ la renuncia expreza
a presentar este misme mabqie come parte de etra tesis doctoral. Esta autorizacion se adjuntard cemo
documentacién en el momento del inicio de evaluacion de la resis.

350



Annex I. Co-author agreement

d 'UNIVERSITAT
= B JAUMEI

Escola de Doctarat - ED

Dr. Alfredo Fernandez Quintela, como coautor doy mi autorizacion a Maria Leticia Lacalle
Bergeron para la presentacion de las siguientes publicaciones como parte de su tesis doctoral.

Relacion de publicaciones:

+ The potential of ion mobility separation in combination with high resolution mass
specfrometry for the identification of biomarkers highlighted by untargeted
metabolomics: the effects of pterostilbene and resveratrol in liver steatosis, animal
model.

Maria Leticia Lacalle Bergeron; David lzguierdo Sandoval, Alfredo Femandez Quintela,
Maria Puy Portillo, Juan Vicente Sancho Llopis, Félix Hemandez Hemandez, Tania
Portolés Nicolau.

Food Chemistry (2021) Submitted

Asimismo, renuncio a poder utilizar estas publicacionas como parte de otra tesis doctoral.

Y para que conste firmo el presente documentao,

Firmada
Alfredo digitalments por
= Abredo Fernand:
Ferndnde 4™

H Fecha: 2001.12.03
z Quintela 557 o

Lugar, fecha y firma

Todo elle, atendiendo al articulo 28 del Reglamento de los estudios de doctorade de la Unrvermitat Jaume I de
Castelld, regulados por &l FD 89/2011, en la Universitat Jaume I (Aprobade en la sesidn n° 82020 del Consejo de
Gobierno de 02 /1OV2020):
e

4. En el case de publicaciones comjumtas, todas las personas coautoras deberdan manifsstar explicitamente su
awtorizacion para que la doctoranda e docterande presente &l trabgjo como parte de su tesiz y la renuncia expresa
a presemtar este mismo trabgio come parte de ofra fesis doctoval Esta auterizacion se adjuntard como
documentacion en el momente del inicio de evaluacion de la tesis.

351



Annex I. Co-author agreement

u ' UNIVERSITAT

Escola de Doctorat - ED

Ferran Martinez Garcia como coautor/ coautora doy mi autorizacién a Marfa Leficia Lacalle
Bergeron para la presentacmn de las siguientes publicaciones como parte de su tesis doctoral.

Relacién de publicaciones:

» Movel sampling sfrategy for alive animal volatolome extraction combined with GC-MS3
bast_ad untargeted metabolomics: Identifying mouse pup pheromones. i
Maria Leticia Lacalle Bergeron; Rafael Goterris Cerisuelo, Tania Portolés Nicolau, D
Joaguim Beltran Arandes, Juan Vicente Sancho Liopis; Cinta Navarro Moreno,
Femando Marinez Garcia.
Talanta 235 (2021) 122786 Contents. DOI 10.1016/.talanta.2021.122786 ISSN
00399140

s Untargeted metabolomics approach to putafive pup pheromones in mice. Part 2: using
UHPLC-IMS-QTOF MS of surface body samples to identify low-volatility chemosignals.
Maria Leticia Lacalle Bergeron; Rafael Goterris Cerisuelo, Joaguim Beltran Arandes,
Juan Vicente Sancho Llopis, Cinta Navarro Moreno, Fernando Marinez Garcia, Tania
Portolés Nicolau.

Talanta (2021) Submitted

Asimismo, renuncio a poder utilizar estas publicaciones como parte de ofra tesis doctoral.

¥ para que conste firmo el presente documento,

Firmado electronicamente por
Femando Martinez Garcia el
09/12/2021, DNI 1892984P, con
certificado electronico emitido por la
AVVC (Espafia)

Lugar, fecha y firma

Tode ello, atendiendo zl articulo 28 del Reglamento de los estudios de doctorade de la Unmversitat Jaume I de
Castello, regulados por el BD 9972011, en Iz Universitat Jaume I (Aprobado en la seson n® 82020 del Consejo de
Gobieme de 02 /10/2020):
e

4. En el caso de publicaciones comjunias, todas las personas coautoraz deberan manifestar explicitaments su
auterizacion para que la doctoranda o doctorande presents el rabgjo como parte de su tesis y la remumcia expresa
a presentar ests mismo trabgjec come parits de ofra tesis doctoral Esta auierizaciom se adjuntard como
documentacion en el momento del inicio de evaluacicn de Ia tesiz.

352



Annex I. Co-author agreement

d ' UNIVERSITAT
= B JAUMEI

Escola de Doctorat - ED

Rafael Goterris Cerisuelo, como coautorf coautora doy mi autorizacion a Maria Leticia Lacalle
Bergeron para la presentacion de las siguientes publicaciones como parte de su tesis doctoral.

Relacion de publicaciones:

+ Movel sampling strategy for alive animal volatolome extraction combined with GC-MS
bast—_}d untargeted metabolomics: ldentifying mouse pup pheromones. .
Maria Leticia Lacalle Bergeron; Rafael Goterris Cerisuelo, Tania Portolés Nicolau, D;
Joaquim Beltran Arandes, Juan Vicente Sancho Liopis; Cinta Navarro Moreno,
Femando Marinez Garcia.
Talanta 235 (2021) 122786 Contents. DOI 10.1016/ talanta 2021_122786 ISSN
00399140

+ Untargeted metabolomics approach to putative pup pheromones in mice. Part 2: using
UHPLC-IMS-QTOF MS of surface body samples to identify low-volafility chemosignals.
Maria Leticia Lacalle Bergeron; Rafael Goterris Cerisuelo, Joaquim Beltran Arandes,
Juan Vicente Sancho Llopis, Cinta Navarro Moreno, Femando Marinez Garcia, Tania
Portolés Nicolau.

Talanta (2021) Submitted

Asimismao, renuncio a poder utilizar estas publicaciones comao parte de ofra tesis doctoral.

Y para que conste firmo el presente documento,

Firmado por Rafael
Goterris Cerisuelo el
09/12/21 en Castelldn
de la plana.

Lugar, fecha y firma

Todo ello, atendiendo al articulo 28 del Reglamento de los estadies de doctorade de la Unmversitat Jaume I de
Castelld, regulados por el D 992011, en la Universitat Jaume I (Aprobado en la sesién n° §72020 del Consejo de
Gobierne de 02 /10/2020):
L

4. En el caze de publicacionss conjumtas, todas las perzomar coautoras deberan manifestar explicitamente s
auterizacion para que la doctoranda o doctorando presente el trabgjo como parte de su tesis y la renmcia expreza
a presemtar este wismeo mabgio comeo parte de ofra tesiz docteral Esta awtorizacion se adiumtard como
documentacion en el momento del inicio de evaluacién de la tesis.

353



Annex I. Co-author agreement

TR

Escola de Doctorat - ED

Cal¥TB, i@ N2l como coautor/ coautora doy mi autorizacién a Maria Leticia Lacalle
Bergeron para la presentacion de las siguientes publicaciones como parte de su tesis doctoral.

Relacion de publicaciones:

» Novel sampling strategy for alive animal volatolome extraction combined with GC-MS
based untargeted metabolomics: Identifying mouse pup pheromones.
Maria Leticia Lacalle Bergeron; Rafael Goterris Cerisuelo, Tania Portolés Nicolau, D;
Joaquim Beltrén Arandes, Juan Vicente Sancho Llopis; Cinta Navarro Moreno,
Fernando Marinez Garcia.
Talanta 235 (2021) 122786 Contents. DO 10.1016/j.talanta.2021,122786 ISSN
00329140

= Untargeted metabolomics approach to putative pup pheromones in mice. Part 2 using
UHPLC-IMS-QTOF MS of surface body samples to identify low-volatility chemosignals.
Maria Leticia Lacalle Bergeron; Rafael Goterris Cerisuelo, Joaguim Beliran Arandes,
Juan Vicente Sancho Llopis, Cinta Navarro Moreno, Fernando Marinez Garcia, Tania
Portolés Nicolau.
Talanta (2021) Submitted

Asimisme, renuncio a pader utilizar estas publicaciones como parte de ofra tesis doctoral.

Y para gue conste firmo el presente documents,

Lugar, facha y firma  vAEveh @ ;
4 pe piGENELE TR PO

Todo ello, atendiendo al articelo 28 del Reglamento de los estudios de dociorado de la Universitat Jaume [ de
Castelld, regulados por el RD 9972011, en la Universitat Jaume I (Aprobado en la sesion n® /2020 del Consejo de
Gobierno de 02 FIV20200: :

"fod :
4. En el care de publicaciones conjunras, todas las pewsonas coautoras deberdn manifestar explivitamente su
awiorizacion para que la doctoranda o dociorando presenre el rrabajo como parte de su tesis v la renuncia expresa
a preseniar este mismo frabagjo come parie de ofra fesis doctoral. Esta awtorizacidn se adjuntard como
decumeniacicdn en el momenio del inicie de evaluacicn de fa resis.

354






		2022-02-07T17:08:51+0100
	MARIA LETICIA|LACALLE|BERGERON


		2022-02-07T17:14:04+0100
	JUAN VICENTE|SANCHO|LLOPIS


		2022-02-07T17:50:04+0100
	TANIA|PORTOLES|NICOLAU




